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I. SUMMARY

‘Thrust chamber cooling techniques applicable to liquid rocket engines
using propellant combinations having combustion temperatures up to 8500°F have
been investigated analytically and experimentally.)(Two of the most promising
thermal protection concepts developed during this program and demonstrated ex-
rerimentally were the concept of multislot film cooled pyrolytic graphite and the
concept of reducing graphite chemical ercsion by injection of a gaseous hydro- .-
carbon film to provide a favorable chemical environment in the nozzle boundary
layer.

/A thermochemical erosion analysis computer program has been devel-
oped to calculate chemical erosion rates of graphite thrust chamber components
based on reaction kinetics as well as heat and mass transfer phenomena occurring
in cooled and uncooled rocket thrust chambersq

Analyses based on this computer program revealed that the most ef-
fective gasecus film or transpiration coolant is hydrogen followed by helium and
the other gases in the order of their molecular weight. The transpiration cool-
ant found most effective in reducing chemical erosion of graphite was methane.)
Chemical erosion could be reduced to zero, based on analysis, at a graphite tem-
perature as high as 6000°R while, with all other coolant gases, the graphite tem-
perature would have to be reduced to temperatures below 4O00°R. This anomalous
phenomenon, predicted analytically, was evaluated experimentally during small
scale oxygen-hydrogen thrust chamber tests. Zero erosion of methane-cooled graph-
ite nozzles was demonstrated at conditions where helium and carbon monoxide
cooled graphite nozzles did erode.

The effective demonstration of the :multislot film cooled pyrolytic
graphite with both hydrogen and methane as well as other gases such as helium
and carbon monoxide has provided a feasible cooling concept for application to
the most severe rocket combustion environments. This concept, which approaches
transpiration cooling in efficiency, takes advantage of the high temperature
structural capabilities of the pyrolytic materials.

|Analytical and experimental studies of the chemical mechanism of
ablation in silica-phenolic ablative composites have provided evidence that the
endothermic chemical reaction of silica with the carbon char in the thrust cham-
ber environment is far more important than the transpiration cooling and heat
absorption associated with the resin degradation.{ Thus, internal chemical reac-
tion may very well control the performance of this type of thrust chamber material
Based on these studies, an analytical ablation model was formulated and criteria
for improved ablative systems are proposed. The predicted performance of these
materials with film cooling would depend more on the adiabatic wall temperature
achieved than on the chemical composition of the coolant.

____ IINCIASSIFIED o -1 -
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Analytical and experimental investigations of combined thrust cham-
ber cooling techniques have provided additional design data and criteria for se-
lection and application of various cooling concepts. A heat sink design optimi-
zation study has resulted in a technique for establishing optimum nozzle wall
thicknesses based on combustion conditions, material properties, and engine size.
Analyses show that substantial increases in run time are available with film
cooling of heat sink configurations. Film cooling tests and analytical studies
have been made for various gases to evaluate the effectiveness of single and
multiple slot film injection compared to transpiration cooling. Experimental
data were also obtained on combined film and radiation cooling using B helium
cooled, molybdenum exit nozzle.

Based on the results of this program, it is recommended that the
thermochemical erosion studies be extended to include new nozzle materials, addi-
tional combustion product species, and the effects of transient heat conduction.
Studies should also be undertaken to provide additional reaction kinetics data,
especially for the high energy propellant systems which include fluorine.

Theoretical and experimental studies should be pursued to apply
these advanced cooling concepts and materials to the more severe higher tempera-
ture rocket systems in order to evaluate the design problems associated with using
new propellants for long runs, with throttling, or for intermittent operation.
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II. INTRODUCTION

A. Program Background

A program to evaluate liquid rocket thrust chamber cooling technigues
applicable to spacecraft engines was conducted under NASA Contract NAS T7-103 dur-
ing the year 1962. Studies were directed toward determining the limitations of
the various cooling techniques and developing a procedure for selecting the most
suitable design concepts for spacecraft engine application. The results of these
studiis were reported in Marquardt Report 5981, Volumes: I and II (References 1
and 2).

Based on the results of these studies, it was concluded that im-
proved cooling concepts would be required for the advanced high energy propellantsd
One of the more promising approaches appeared to be the development of combined
cooling techniques to attain long cperating life with a minimum engine performance
penalty.

B. Program Approach

The studies undertaken during this follow-on contract (NAS 7-103,
Amendment 2) were directed toward development of combinations of thrust chamber
cooling techniques and materials which would be suitable for the most severe
liquid propulsion systems presently envisioned, with combustion temperatures up
to 8500°F and combustion pressures ranging from 100 to 3000 psia. It is generally
recognized that cooling methods and materials in current use are marginal or in-
adequate to meet the high heat tluxes and temperatures exisling in such combustion
environments. ’

=

The two types of cooling which are theoretically unlimited in their
capability for cooling are film and transpiration cooling. Therefore, this study
has been organized so as to evaluate film and transpiration cooling, both in con-
ventional methods of application, and also in more novel methods of application
which combine film or transpiration cooling with other cooling methods such as
radiation, ablation, heat sink, and regenerative cooling. Since the primary chal-
lenge to thrust chamber design for the advanced liquid propellants is the high
heat flux and temperature near the nozzle throat, combined cooling methods were
studied primarily for application in the throat region, but all of the concepts
investigated would also be applicable in the combustion chamber and expansion noz-
zle. Combinations which use one cooling method in one portion of the thrust cham-
ber and another cooling method in another portion of the chamber might be advan-
tageous for some applications, but they were not evaluated in detail during this
study.

The possibility of using a coolant other than the fuel or oxidizer
was introduced into the study. The use of a "third component” coolant has been
ruled out in the past, but it was thought advisable to evaluate the advantages of
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using a third component, realizing that system complexity and reliability penal-
ties might result. The study of film and transpiration cooling was also extended
to encompass the thermochemical effects of various coolants due to their chemical
reaction with the wall and the combustion gases.

An important aspect of film and transpiration cooling is the associ-
ated loss in combustion performance. The available experimental data regarding
this are very inadequate. However, for several coolant and propellant combina-
tions for which test data are available, the performance penalty is approximately
that which would occur if the coolants were completely inert. No data are avail-
able for the effects of film and transpiration cooling on the performance of ad-
vanced liquid propellants. It is recognized that the performance penalty will
probably depend on the particular coolants and propellants used and also on the
location of the injection. For example, coolant which is injected through the
injector face and combustion chamber walls, if reactive with the propellants, or
if it were one of the propellants, might produce little or no performance loss.
Ccolant injected near or downstream from the throat, however, might produce a
greater performance penalty. It was planned that the thrust penalty due to film
and transpiration cooling near the nozzle throat be measured for some of the cool-
ants of current interest, particularly the low molecular weight gases.

It was also recognized that many advanced propulsion systems must
perform satisfactorily for only a short period of time, so that transient effects
on thrust chambers, such as erosion or ablation, may be permissible in order to
avoid making unreasonable and expensive demands on cooling systems and materials.
Therefore, emphasis has been placed on understanding the effects of the chemistry
of the propulsion environment on the transient behavior of thrust chamber mater-
ials.

Before an intelligent evaluation of combined cooling methods could
be made, a better understanding of the phenomena governing behavior of some of
the individual cooling methods was necessary since combinations of these cooling
methods at the same locations in the thrust chamber introduced new conditions
more complex, in most cases, than those which arise when the c©ooling methods are
used singly. Therefore, analytical studies of heat sinks, ablation phenocmena,
and surface reaction kinetics were conducted with the expectation that the results
of these studies of single systems would provide guidelines to optimum combina-
tions of methods.

An incomplete list of cooling combinations of interest is as
follows:

1. Film/heat sink
2. Transpiration/heat sink

3. Film/radiation

UNCLASSIFIED - 4 -
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4. Transpiration/radiation
5. Film/ablation
6. Transpiration/ablation
T. Film/regenerative
8. Transpiration/regenerative
9. Radiation/heat sink
Zoned combustion might be considered a variety of film cooling, but
this method has not been evaluated. Some of the major questions regarding indi-
vidual cooling systems will now be discussed. Detailed results of the program

are presented in Section III, Analytical Studies.

C. Cooling Technigues Studied

1. Inert Film Protection

A major portion of the analysis program has been devoted to the
study of a gaseous transpiration cooling method, also termed "inert film protec-
tion". The original concept was that, if enough inert gas were introduced into
the boundary layer, either by transpiration or film injection, the rate of chem-
ical attack of the wall could be reduced or eliminated entirely. To establish
the feasibility and attractiveness of this councept, a computer program wae form-
ulated for analysis of steady state chemical erosion and surface temperature of
a graphite thrust chamber with transpiration of coolant gases through the wall
using the propellant combination, O2 and Hp. This choice of wall material and
propellants was made because of the relative simplicity of the resultant chemi-
cal environment in the boundary layer, because graphite is an outstanding high
temperature material, and in order to permit test correlation with a relatively
simple propellant system. Similar computer programs could theoretically be form-
ulated for other wall materials and propellant combinations although reaction
kinetics data would probably have to be generated by laboratory tests for most
other materials and propellants.

The computer program developed was designed to include the ef-
fect of any arbitrary steady state heat flux into the wall and thus be easily
adaptable to the analysis of the combined effect of transpiration and radiation
cooling for thin wall graphite motors which reach a steady state wall temperature
rapidly. However, program modifications would be necessary to analyze combined
transpiration/heat sink systems.

UNCLASSTFIED o0
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The reference to inert films is not meant to imply that only
noble gases are to be considered as coolants. Other gases may also be inert to
graphite and/or the combustion gases up to very high temperatures. In fact, a
number of such gases have already been identified, including carbon monoxide and
carbon suboxide (C502). A second category of gases are those that may react with
graphite but at such a low rate as to be acceptable. An example is hydrogen which
is such an excellent coolant that its reaction with graphite can be tolerated. A
third category of gases are those which produce a favorable chemical reaction in
the boundary layer with a net result of reducing the erosion rate of the wall.

An example is methane, which pyrolyzes in the boundary layer, producing carbon,
which it is theorized, may react with water vapor from the free stream, preventing
or reducing the reaction of the water and graphite.

The computer program was to be formulated for transpiration in-
jection only, with no attempt to analyze the inert film protection concept for
discrete film injection because of the extremely difficult nature of the analysis
of the turbulent boundary with pressure and chemical composition gradients in the
flow direction. This difficulty is due to mass and heat transfer processes tak-
ing place at the wall and at the edge of the boundary layer. A comparison of the
difference between film and transpiration injection of inert films would best be
obtained experimentally.

2. Ablation

Despite a considerable effort to understand ablation phenomena
(restricted here to reinforced plastics and similar materials), current descrip-
tions have consisted primarily of attempts to correlate test data for a wide
variety of test conditions, sometimes using oversimplified parameters such as
"effective heat of ablation'". The behavior of ablation materials in re-entry
conditions has also rather arbitrarily been assumed to be representative of abla-
tion in rocket motor conditions, which have been studied much less than the abla-
tion phenomena in re-entry. It was apparent that a better understanding of the
chemical and heat transfer processes taking place in rocket chamber ablation was
necessary before the advantages of combining film cooling with ablation or con-
trolling film chemistry (using "inert film protection") over ablatives could be
evaluated. Studies of chemical and heat transfer processes at ablative surfaces
have therefore been pursued.

3. Heat Sink

Heat sinks have been used successfully in rocket nozzle appli-
cations in the past, but design optimization has been done for only a limited
number of design conditions. Therefore, some attempt to parameterize nozzle
heat sink characteristics has been made.
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k., Film Cooling

_ Almost all film cooling studies in the past have been done for
gas flows over adiabatic walls in cylindrical sections or over flat plates. All
film cooling "analyses" really consist primarily of empirical curves which have
correction factors introduced to assist correlation with test data. Since pure
analysis has been found so inadequate for film cooling in cylinders or over flat
plates, it was desirable that test data be obtained for an evaluation of film
cooling when applied to converging-diverging nozzles which have non-adiabatic
walls due to radiation or heat sink cooling.

D. Experimental Program

A small scale experimental program was undertaken to explore, in a
hydrogen-oxygen rocket engine environment, some of the more promising cooling
concepts which evolved during the analytical portion of the program. These tests
also supplied experimental data on material erosion rates and film cooling effec-
tiveness not available in the literature. Specific cooling concepts to be evalu-
ated were as follows:

1. Multislot cooling of a pyrolytic graphite nozzle

2. Transpiration cooling of a porous graphite nozzle,
using inert or reactive coolant gases

5. Combined film and radiation cooling

Future experimental investigations envisioned as a logical extension
of this work are the application of these cooling concepts to the higher energy
propellant systems such as OFg/B2H6. Marquardt is currently completing the con-
struction of a remote rocket test site in Magic Mountain, California, to be used
for testing with exoOtic cryogenic and high impulse liquid propellants.
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III. ANALYTICAL STUDIES

A. Thermochemical Eguilibrium Studies

Thermodynamic equilibrium studies were made of the possible reactions
of various coolants with graphite, using the IBM TO4 thermodynamic sub-routine.
The equilibrium studies amount to a screening process, in that complete inertness
of the coolant in contact with the graphite can be established. However, if some
finite amount of reaction occurs between coolant and graphite, the usefulness of
the coolant can be evaluated only if kinetics data are available for all import-
ant reactions. These reactions include not only the reaction between the coolant
and the wall, but also reactions between all product species and combustion
species with the wall.

Thirteen gases (Tables I and II) were chosen for thermochemical
equilibrium studies, based on their suitability for cryogenic storage and their
possible inertness to carbon at elevated temperatures. The reactions were eval-
uated at a pressure of 100 psia and over the temperature range from 2500°to 7500°R.
The initial graphite-to-coolant weight ratio was 2.0.

Four coolants which were found not to react with the graphite at
6000°R are shown in Table I. Two of those gases, CO and C 05, actually release
carbon at intermediate temperatures of 1000°to 3000°R producing CO and COp2, al-
though the kinetics of such reactions are not known.

It should be remembered that calculations based on thermodynamic
equilibrium assume that products of all forward and reverse reactions remain
available for further reactions, which may not be the case in application since
either solid or gaseous products may be carried avay.

Nine coolants which react with graphite at 6000°R and 100 psia are
listed in Table II along with the major compounds formed with graphite.

It has been assumed during this study that all of the noble gases
will be nonreactive with the graphite wall and the combustion products. Recent
work has shown that xenon can react with fluorine to form several types of mole=
cules such as XeF), but these compounds are stable only at low temperatures and
can be ignored in the current application. Lighter noble gases are even more
difficult to compound and would be even more unstable even at room temperature
(Reference 3).

B. Thermochemical Erosion Analysis

1. Analysis Objectives

The principal objective of the thermochemical erosion analysis
was to determine how much the rate of chemical erosion of a thrust chamber wall
could be reduced by injection of various coolant gases into the boundary layer.
The coolants would alter the chemical composition of the boundary layer so as to
provide a more favorable environment as well as producing a cooling effect.
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A more favorable chemical environment for the thrust chamber
wall could be achieved by several categories of coolants, as follows:

L. Inert gases, meaning the noble gases such as helium,
neon, etc., and also gases which on the basis of
equilibrium thermodynamics should not react with the
wall. An example of the latter would be the use of
carbon monoxide for cooling of graphite.

2. Reacting gases which, although reactive with the wall,
react at a slower rate than some of the combustion gas
species which they displace in the boundary layer. An
example of this category of coolant was found during
the present study to be hydrogen when used in cooling
a graphite thrust chamber for 02/H2 propellant.

3. Reacting gases which either decompose or react with
the combustion gas to produce a gas composition at
the wall which either reduces or eliminates chemical
erosion of the wall. An example of this category of
coolant was found during the present study to be
methane, which pyrolizes and either eliminates ero-
sion of a graphite chamber or may even deposit addi-
ticnal graphite on the wall.

No previous investigation of this concept was known, and the
complexity of the problem indicated the advisability of restricting the initial
analysis to a specific thrust chamber material, pyrolytic graphite, and a spec-
ific propellant combination, Oy and Hy.

Pyrolytic graphite had previously been found to be one of the
most outstanding high temperature materials available for thrust chamber construc-
tion, due not only to its exceptional high temperature strength but also to its
low reaction rates in the combustion products of such diverse propellant combina-
tions as Op/Hp and Fo/Hp. It was hoped that very small amounts of injected gases
would be sufficient, considering both their cooling and chemical effects 1in the
boundary layer, to provide protection and permit the utilization of the high tem-
perature structural capability of pyrolytic graphite. Implicit in the basic ob-
Jective of the concept was the supposition that it would be advantageous to re-
duce the amount of required coolant. Most of the previous work with film and
transpiration coocling had been done by providing enough coolant to permit use of
conventional materials such as steel. There was some limited data indicating that
film cooling of combustion chambers could be accomplished without a loss of per-
formance, but that film cooling of the contraction region and throat did cause a
significant loss in performance in proportion to the amount of coolant used.
Therefore, the potential advantages of the concept being studied would be: (1)
minimization of performance loss due to cooling; and (2) greater reliability of

a pyrolytic graphite structure as compared to lower melting point materials such
as steel.
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Only gaseous injection of coolants was considered since it was
thought that uniform injection of very small amounts of liquid coolant would be
quite difficult to achieve.

After choosing the thrust chamber material and propellant com-
bination to be studied, it was necessary to choose a method of injecting the
coolant. It is well established that transpiration is the most efficient form
of cooling. This method can be approached in efficiency by films injected at
closely spaced intervals. It was evident also that the analysis could more eas-
ily be made for a transpiring coolant, despite the fact that the practicability
of using a true porous transpiration structure is questionable for materials like
graphite.

Therefore, the model chosen (Figure 1) for analysis was that of
a porous pyrolytic graphite wall transpiring various cooling gases into the
boundary layer. The only difference in the analysis between pyrolytic graphite
and commercial graphite would be in densities, surface reaction rates, and heat
conduction into the interior of the wall. Provision for the conduction effect
was included on a steady state basis, but nearly all the numerical results ob-
tained to date were for an adiabatic wall.

The cooling techniques being investigated were directed ultimate-
ly toward use with advanced liquid propellants which produce much higher combus-
tion temperatures than Op/Hp. However, as the analysis evolved, it became evi-
dent that no meaningful analysis of the chemical erosion by the advanced propel-
lants was possible at the time, due to the lack of kinetics data for reactions of
the combustion products of advanced propellents such ss Fo/Ho with candidate
thrust chamber materials such as tungsten or graphite. However, it was thought
that the advantage of controlling the chemical composition of the boundary could
be studied by considering some combination of combustion products and wall mater-
ial for which kinetics data were available. Also, the high heat flux effects of
the advanced propellants were simulated by specifying several hypothetical pro-
pellants as discussed in the next section.

2. Advanced Propellants

Some liquid propellant combinations which give high performance
are listed in Table III, which also lists their combustion products, performance,
and combustion temperature at selected mixture ratios. The mixture ratios chosen
are those that give approximately maximum performance. It is known that greater
percentages of oxidizer will often yield a more optimum overall system, at the
expgnse of Ig,, but consideration of the optimum mixture ratio is beyond the
scope of this study. It might be noted, however, that the combustion temperature
will ordinarily increase with mixture ratio, in several cases reaching 8500°F,
which is the maximum temperature being considered in this study.
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Two hypothetical propellant combinations, designated P7O0C0 and
P8500, to indicate combustion temperatures of TOO0O° and 8500°F, are also listed
in Table III. The combustion products of PTO00 and P8500 were arbitrarily assumed
to be the same as those of OQ/HE) which were assumed for the calculations to be
62.5 percent Hp0 and 37.5 percent Hp.

It is shown in Table IIT that the combustion products of Og/Hg
include not only Ho0 and Hpo but also small amounts of H, OH, O and Op. However,
the mathematical difficulties which might be encountered in analyzing the prob-
lem were unknown, and it was thought advisable to maintain a reasonably simple
analysis model for the first computer program. The sublimation of graphite was
excluded from the computer program for the same reason. Justification for the
use of the simple model lies, in addition to expediency, in the fact that the
objective was primarily to evaluate trends in nozzle erosion using various cool-
ants, which could be done although the absoclute values of the erosion rates are
only approximate using presently inadequate kinetics data. The results of the
present analysis are not expected to be highly accurate, especially at wall tem~
peratures where sublimation of graphite occurs, but tlhiey do show the way to go
in future analyses of nozzle cooling methods.

The computer program which resulted from the analysis is limited
to systems composed of graphite, water, hydrogen, methane, acetylene, carbon mon-
oxide and inert gases. Examination of Table III shows that knowledge of the reac-
tion rates of a number of other gases with graphite would be required for analysis
of the chemical erosion of graphite for all of the advanced liquid preopellant com=-
binations. The reaction rates of oxygen and graphite could be obtained, but it
is doubtful whether a literature survey at the present time would yileld any kinet-
ics data for the boron and fluorine compounds listed in Table III. In any case,
it was thought that most of the implications of inert or other chemical films for
very high temperature combustion gases could be obtained by specifying some arbi-
trary chemical composition adaptable to the computer program together with a high
combustion temperature. Therefore, propellants PT000 and P8500 were specified.

A comparison of the calculated heat flux to the nozzle from the various advanced
propellants is shown in Figures 2 and 3, and it is seen that P7T000 and P8500 rep-
resent the heat fluxes expected from the advanced propellants, which greatly ex-
ceed the heat flux from OE/HE' The heat flux comparisons in Figures 2 and 5 are
for ideal combustion. However, all other calculations in this study were based
on 95 percent C¥ efficiency.

5. Analysis Procedure

A model of the problem to be analyzed is shown in Figure 1. The
principal combustion gases of interest are HpO and Ho. Reactions of HpO and Hp
with graphite were compared on the basis of free energy changes, and the following
reactions were chosen to be of greatest importance:
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Reaction 1 C+ HO = CO + H (1)
To

Reaction 2 C+2 HQ‘*JSCHu (2)

' 1 N
Reaction 3 C+ > Hy “_;“2? Coly (3)

a. Reaction Rate Eguations

The reaction rates of the above equations were studied in
terms of various models, as described in Appendix B. The rate equations which
were chosen for the analysis are as follows:

El — -
- w7 P P
r = cC_e RTW P -‘-—CO——H—E- (l*)
1 1 Ho0 X
_ er |
E~r ¢~ -
- == 1 .5
RTy PCHu
= ome Py, - — (5)
Ke.5
- 2 J
E3 - -
T RT, Pes H
rs = cze v p, - —2 2 (6)
5 H2 2
Ke
L 5

The equilibrium constants Kg,, Ke,, and K. are defined
el 2 65
as follows:
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H
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Ke = e W
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aN:
(85 - gr2)
K = e w
&3

P, = (x;) P
1 lw

The equilibrium constants can also be described as follows:

(7)

(8)

(9)

(10)

(11)

(12)

The partial pressures of the species were obtained from Dalton's Law:
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The rate equations are based on first order reactions. Review of available
kinetics data did not reveal an adequate basis for any other assumption since
practically all kinetics data which report partial pressure expcnents from 1/2
to 3/2 were gathered in low mass transfer conditions, so that the true kinetics
behavior was obscured by diffusion effects. However, other than first order
reactions can be used in the program if found necessary.

b. Mass Transfer Equations

Calculation of the rate of mass transfer of gaseous species
across the boundary layer was done using simplified engineering relationships de-
rived from the analogy between convective heat transfer and mass transfer rates
across a boundary layer.

The physical problem being studied consists of a multi-
component mixture of gases with different physical properties and molecular
weights. OSimplification was made in describing the problem along the lines sug-
gested in Reference k. S

The mass transfer rate of each species from the wall tc the
free stream is described as follows:

W

(Ni) = (Xi)w F+ k:_ [(Xi)w - (xi)g] (13)

The first term on the right side of Equation (13) represents
the transfer of species ‘'i' due to the bulk movement of the gas mixture away from
the wall. In some special cases, the bulk motion of the mixture may be toward
the wall, in which case F is negative. The numerical evaluation of F is obtained
from the following expression:

F=(Ng o) +(N,) + (Nog,) + (Mg g) + (Ng) + (N ) (132)
Hs0 CH C H rts

2w co w 4 w 2f w 2y e w
The rate of mass transfer of CO from the wall to the stream is given by:

w [¢]
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Similarly, the mass transfer of inert gases from the wall to the stream is given
by:

(N

inatgw = Gc(ﬁnatgc (13c)

In this fashion, Equation (13a) can be evaluated, leading to the following:

F=ry -1+ G S (x3) (13d)
c
But:
E:(xi) = 1 (13e)
c
Therefore:
F = rl - I'2 + GC (le)

The second term on the right side of Equation (13) represents
the transfer of species 'i' due to molecular diffusion caused by a concentration
gradient of species 'i'.

The diffusion coefficient, K}, carries a black dot exponent
to indicate that it includes a correction for the effect of the mass transfer
rate on the uncorrected mass transfer coefficient, ki. For simplicity the mass
transfer coefficients for all species were assumed to be the same, so the sub-
script "i" can be dropped. The correction factor for k° was obtained from Ref-
erence 4, page 663, from film theory and is defined as follows:

o - {_ (14)

and is evaluated from:

o = 2 (15)
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i
]

The mass transfer coefficient, k, can be obtained from the analogy between heat
and mass transfer, and for equal Prandtl and Schmidt numbers it can be shown
that:

: h
g
ko= = (17)
p
Where:
hg = Convective heat transfer coefficient, uncorrected for mass
transfer effects
Ep = Mean specific heat in boundary layer

g G

i 2 Pi

The rate of the transfer of each species from the wall to
the free stream (i.e., combustion gas) must equal its net rate of production at
the wall by chemical reaction plus its rate of transpiration at the wall as a

co0lino gas.
cooling gas.

As an illustration, consider the mass balance for the

species, H2.

Rate of generation at wall = 1y (18)

Rate of consumption at wall = 2 rp + 0.5 r3 (19)

Rate of transpiration at wall = (tz) Go (20)
c

Rate of transfer from wall to stream =

Gig,) P4 [(@W - (xﬂg)g] (21)
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The mass balance at the wall for Hp is then as follows:
(xg) F o+ k'[(ng) - (xm,) ] =1y =271 =051+ (xmy) G (22)
i W g c

Solution of Equation(22) for (xHe) leads to the following equation for the mole
W
fraction of H, at the wall:

k" (xgp) +7ry-21ry-0.5r5+ G (xmp)

(XHE) = & < (23)
W k® + F

By the same procedure, similar eguations were obtained for the species, Hp0, CO,
CH),, CoHp, and inert gases as follows:

k.(XHéo)::‘ - I‘l + GC (XHQO)
g [¢]

= (2k)
(xﬂeo)w k* + F
k. (Xco) + ry + GC (Xco)
- 25 c
(XCO)W - k' T (25)
x° (xCHu) + 1o + Gq (XCHu)
(xomy) = oy - (26)
w kW +F
k. (xgpmy) + 0.5 7135 + Ge (xcom,)
(x ) = £ < (27)
Colle, k* + F
K (Xinert) * Ge (Xinert)
- g C
(xinert)w_ K® + T (28)
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The preceding equations for the reaction rates and mole frac-
tions at the wall of the various species are solved using the IBM TO4LO computer
for simultaneous solutions at a constant wall temperature, as shown in Figure k4.

A heat balance eguation is then solved to determine whether the wall temperature
used for simultaneous solution of the reaction rate and wall composition equa-
tions is satisfactory.

Iterations on the wall temperature, reaction rates and gas
composition at the wall are made as shown in Figure 4 until all equations are
satisfied. The IBM computer program makes provision for as many as three inert
gases in the coolant and combustion gas. The program also provides for a multi-
plication factor, Cm, to arbitrarily increase the mass transfer coefficient.

c. Erosion Rate Equation

The rate of chemical erosion of the graphite wall can be
shown to be described as follows:

. 12,012 (I'l + I'2 + I'5)
y =: Q (29)

Where:

y

It

Erosion rate, mils/sec

lb-moles of carbon

Ty, T, rz = Reaction rates, —7
in"sec

It

Q

Wall density, 1b/in?

12,012 Molecular weight of carbon x 1000

d. Wall Temperature Equation

The wall temperature is affected by the rate of heat trans-
fer to the wall (restricted to convection for this study), heat transfer into
the wall by conduction, heat absorbed or evolved at the wall by chemical reac-
tions, and heat absorbed at the wall by transpiring coolant. A heat balance on
the total projected area of the wall leads to the following equation for the
equilibrium wall temperature:

. -
th G.L (Cp)c

T, = b+ Gol (Cp) (30)
C

T, - 1y AH) - v, AR, - vy ABg - g
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The convection coefficient, h, is corrected for the effects of mass transfer by
Equation (31), which gives a fairly good correlation with test data for the ef-
fect of transpiration on convection heat transfer coefficients:

0.43
1 F
[_ o Gg 'St'g]

h = h, e (31)
Where:

hg = Uncorrected convective heat transfer coefficient

M = Molecular weight of stream % molecular weight at wall

Values of h_ were calculated from the modified Bartz equation as presented in
Reference 57

4. Parameter Study of Nozzle Erosion

The analysis program was used to calculate the chemical erosion
of pyrolytic graphite for a range of combustion chamber sizes, pressures and tem-
peratures. A standard nozzle gecmetry (Figure 5) used for most of the studies
had a throat dismeter of 1.25 inches, a convergence angle of 30°% .a di=~ = i
vergence angle of 15°%, a radius oft ¢curvature of:1l.25 inches, and extended -
from a contraction ratio of 4 to an expansion ratio of 1.5.

The nozzle was divided into 5 sections. The calculations were
made at the midpoint of each section, and then the flow rates were totaled to
give the total nozzle coolant flow rate. The method of division of the nozzle
into five sections is shown in Figure 6, where Sections 1, 2, 3, 4, and 5 com~
prise the standard nozzle for the analysis. Also shown in Figure 6 are Section O,
representing a cylindrical U4:1 combustion chamber, and Section 6, representing a
portion of a Rao expansion nozzle.

During the iterative computation procedure, shown in Figure 4,
the coolant mass flow rate Ge and propellant mass flow rate G, at each section
were held constant while the wall temperature and gas composition at the wall
were calculated from the mass and heat balance equations. The value of Gg was
determined from the propellant flow rate Zg by the following equation:

Zg = GgMghg (32)
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Where
Zg = Propellant flow rate, 1b/sec
Gg = Propellant flow rate, 1b-mole/in®sec
Mg = Molecular weight of propellant gas
Ag = Cross-sectional area of comBustion chamber section at average

area ratio of section

The midpeint of each section was determined at the average area ratio; for ex-
ample, the average area ratio of Section 1 is 3.25. All stream properties such
as the heat transfer coefficient, h,, and the static pressure, P, were evaluated
at the average area ratio of each séction, with the exception of the stream re-
covery temperature, which was approximated by the combustion chamber temperature,
Tg’ at all stations. The coolant inlet temperature was TO°F.

The coolant flow was calculated from the following equation:

Z, = Go Mo A, (33)

The coolant area, A is simply the cooled wall surface area of the section.

lokd

The wall tcmperature, erogsion; ete., are different at every
station because of changing stream conditions, but the propellant flow rate Z

is constant everywhere. Therefore, the cooling requirements are plotted as a
coolant/propellant flow ratio, Z./Zg. The flow ratio for the nozzle is the total
of ZC/Z for Sections 1, 2, 3, 4, and 5 for any given wall temperature. The cool-
ant/pro%ellant area ratio, AC/A , of each section is shown in Figure 6 for throat
diameters of 0.6, 1.25, 3.0, and 6.0 inches.

a. Erosion Rates

The effect of transpiration cooling on wall temperatures
and throat erosion rates is shown for Op/Hp, PT000, and P8500, all at 100 psia,
in Figures 7 through 9. The coolant-propellant flow ratio, ZC/Z , 1s the amount
of coolant required to cool the entire nozzle (L4:1 contraction t6 1.5 expansion)
to the same temperature. Only the erosion rates at the throat are shown since
this region is usually where control of ercsion is most important. The first
conclusion to be drawn from Figures 7T through 9 is that the low molecular weight
coolants are favored because of their excellent cocling capability. In partic-
ular, hydrogen, although reactive with carbon, is such a good coolant that its
overall effect is to eliminate nozzle erosion with less weight flow than any other
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coolant except, in some cases, CHy. This fact is due not only to the relatively
slow reaction rates of Hp and carbon as compared to HpO and carbon, but also due
to the fact that the mass transfer rates are so high that it takes a large amount
of transpired gas flow to cause a large change in the gas composition at the
wall. However, a cooling effect proportional to the coolant flow rate reduces
the wall temperature with a rapid decrease in reaction rate.

Another interesting result is that a negative erosion rate
was predicted for intermediate wall temperatures when cooling with CH)y, implying
that pyrolysis of the methane produces carbon in the boundary layer which de-
posits graphite in a manner analogous to the production of pyrolytic graphite.
Even if other factors such as fluid dynamic effects might prevent actual deposi-
tion of carbon on the nozzle wall, the presence of free carbon would act as a
buffer between the combustion gas and the graphite wall, reacting with erosive
combustion gas species before they can diffuse to the wall. The behavior of
methane is of interest for propellants such as OFQ/CHu and might also be consid-
ered as an auxiliary coolant for propellants which in themselves are not good
coolants.

The erosion rate in other portions of a thrust chamber can
be either greater or less than the throat erosion rate, depending on the combined
effects of local heat and mass transfer rates, static pressures and combustion
temperature. An illustration of the variation of erosion rate is shown in Figure
10 for an uncooled pyrolytic graphite thrust chamber at 100 psia chamber pressure.
The wall temperature is always less than the combustion temperature because reac-
tions 1 and 3 are endocthermic. Several of the most important points illustrated
in Figure 10 are as follows:

1. The erosion rate of Op/Hp is less in the throat
than in the converging section of the nozzle.

2. The erosion rates for PT000 and P8500 are great-
est in the throat.

3. The erosion rates drop more rapidly in the diverg-
ing section of the nozzle than would be predicted
using the assumption of mass transfer control since
the first order reaction rates are directly pro-
portiocnal to static pressure. For example, the
mass transfer coefficients are about the same at
equal expansion or contraction ratios, but the stat-
ic pressures are not, hence the much lower erosion
rates in the expansion nozzle. Again, it should be
remembered that the analysis does not pretend to be
accurate for very high wall temperatures but is only
adequate to indicate trends and relative protection
of various coolants.
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b. Thrust Chamber Pressure Effect

The percent of propellant required for cooling decreases
slowly with increasing chamber pressure, as shown in Figures 11 and 12 for hy-
drogen cooling of the nozzle. Also shown are the enormous erosion rates of un-
cooled nozzles at higher chamber pressures due to the static pressure influence
on reaction kinetics.

¢. Thrust Chamber Size Effect

The percent of propellant required for cooling the nozzle
is quite insensitive to size, as shown for throat diameters of 1.25, 5.0, and
6.0 inches in Figure 13 for a hydrogen cooled nozzle.

d. Combustion Temperature Effect

Coolant requirements increase with increasing combustion
temperature, as shown in Figure 14 for hydrogen cooling. The extremely large
erosion rates of uncooled pyrolytic graphite nozzles exposed to TO00° to 8500°F
propellants are also shown. These erosion rates emphasize the necessity for some
form of cooling or chemical film protection for nozzles using the advanced pro-
pellants.

e. Combustion Chamber and Expansion Nozzle Cooling

Cooling of the combustion chamber and expansion nozzle has
been treated separately since there is a strong possibility that cooling of the
combustion chamber can be accomplished without any performance loss, and cooling
of the expansion nozzle may be unnecessary because of the very low erosion rates
of an unccoled nozzle. However, a few calculations were made for a L4:1 chamber,
using an empirically derived typical dependence of L* with D¥. Calculations
were also made for a section of a Rao expansion nozzle between 1.5:1 and 5:1.

The ratios of cooled surface area to cross sectional flow area for the combustion
chamber, nozzle,and bell sections are tabulated in Figure 6.

The results are shown in Figures 15 and 16 for D¥ of 1.25
inches and 6.0 inches, respectively, cooling with hydrogen at 100 psia for P8500.
The cooling requirements for the nozzle and chamber for the particular geometries
evaluated are about the same for a D* of 1.25 but are quite different for a D¥ of
6.0 inches.

f. Chemical Effects of Coclant

Previous investigations of chemical erosion of graphite noz-
zles have been made using the assumption that the kinetics of the reactions of
the erosive species with the graphite wall were so fast that thermodynamic equi-
librium was achieved at the interface between the graphite wall and the gaseous
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reactants and products. By that assumption, the rate of graphite erosion was
limited by the rate of mass transfer of the reacting species through the bound-
ary layer. However, it is now recognized that erosion rates calculated on this
basis are higher than measured values by from one to two orders of magnitude.

The two principal innovations of the present analysis were:
(1) consideration of both kinetics and mass transfer effects on graphite erosion;
and (2) consideration of the chemical effects of various coolants on the erosion
and cooling of the nozzle.

It is interesting to investigate the extent to which the
coolants reduce graphite erosion because of their effect on chemical reactions,
and to compare that reduction with the reduction of erosion due to lowering the
wall temperature with a resultant reduction of the heterogeneous reaction rates.
The variation of throat erosion with wall temperature is shown in Figure 17 for
several cooling gases. Of course, different coolant flow rates would be re-
guired to achieve the same wall temperature, as shown in Figure 9, for the assumed
condition of a pyrolytic graphite nozzle, D*¥ of 1.25 inches, a chamber pressure of
100 psia and the combustion temperature of 8500°F.

The erosion rates for the curve labeled "heat sink cooling”
are the rates which would occur during the transient heating of a pyrolytic
graphite heat sink without benefit of any film or transpiration cooling. The
local gas composition at the wall for this condition is shown in Figure 18. The
decreased water content at higher wall temperatures reflects the increased reac-
tion rate of water and carbon as the temperature is raised.

Gaseous water is an effective coolant but reacts with car-
bon. However, it is shown in Figure 17 that the erosion rates when cooling with
water would be only slightly greater (at the same wall temperature) than if no
coolant were used. The gas composition at the wall using gaseous HpO coolant is
shown in Figure 19. However, it must be realized that some oxidizers, such as
Op, will most likely react with carbon at a much faster rate than H2O and might
thus incur much greater erosion if used as coolants with the erosion rate perhaps
being controlled by mass transfer rather than kineties. This possibility empha-
sizes the importance of knowing the reaction kinetics if chemical erosion is to
be predicted.

Hydrogen reduces the reaction rate, at a fixed wall temper-
ature, by replacing some of the HoO by the slower reacting Hp, see Figure 20.
Helium achieves the same effect, tending to replace both HoO and Hp with an inert,
as shown in Figure 21.

Methane produces an unusual effect, and its cooling can be
considered secondary to its chemical effect, which causes zero or negative ero-
sion for wall temperatures as high as 6000°R. Gas composition at the wall.with
methane coolant is shown in Figure 22. Acetylene was also studied as a coolant
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and was found to produce an effect similar to that of CHy although not as pro-
nounced. It is possible that other reacting coolants would also produce favor-
able chemical reactions in the boundary layer.

The principal conclusion to be drawn from the foregoing com-
parisons is that the cooling effect of most of the coolants considered is far
more important than their chemical effects. The principal exceptions are gases
such as CHy and CpoHp which react to produce a more favorable chemical environment
or gases which might be highly reactive, such as Op or OFp. For example, at a
wall temperature of 5000°R, in the example of Figure 17, the erosion rate without
any coolant is twice that for cooling with helium. However, a 400°F reduction of
wall temperature, even using a reactive coolant such as Hy0, would achieve the
same erosion rate as predicted for the inert helium. The 400°F drop in wall tem-
perature would require a 21 percent increase in HoO coolant flow rate, but the
absolute magnitude of the coolant flow rates for transpiration cooling is so
small that the increase is probably insignificant.

g. Reaction Rate Effects

As previously discussed, the heterogeneous reaction rates
in a rocket motor are generally so slow that thermodynamic equilibrium between
the wall and adjacent gaseous species is not achieved. A study of the effect
of arbitrarily increased reaction rates was made for the throat of a 100 psia
chamber using P8500. No cooling gas was used. The reaction rates for all
three reactions were increased by factors of 10, 100, 1000, and 10,000. The
throat erosion rate for various multiples of the nominal reaction rates is shown
in Figure 25. It is apparent that a reaction rate multiple of at least 1000
would be required to approach the condition of mass transfer control. This fact
is further illustrated in Figures 24 through 27 which plot the gaseous species
at the wall versus reaction rate multiples for constant wall temperatures of
2000°, 4000°, 60007, and TOOO°R. Also shown as dotted lines, are the gaseous species
calculated for thermodynamic equilibrium between combustion gases and the graph-
ite wall.

Some species included in the equilibrium composition are not
considered in the erosion program, but it is evident that the gaseous compositon
at the wall approaches thermodynamic equilibrium as the heterogeneous reaction
rates are increased. The departure from thermodynamic equilibrium for the nomi-
nal reaction rate multiple of 1.0 is vividly shown in Figures 24 through 27.

Figure 27 for a wall temperature of TOOO°R, illustrates the
limitations of the present IBM computer program at very high graphite wall tem-
peratures where sublimation of graphite becomes appreciable, producing many equi-
librium species which are not included explicitly in the present analysis. How-
ever, the major species, CO, Hp, and CoHp, still show fairly good agreement with
the erosion program wall compositions for large reaction rate multiples.

UNCLASSIFIED T2 -




TMC A673

%rquara’/

PORAT ION
|F|ED YAN NUYS, cm’romu REPORT_ 6069

UNCLAS

ln

Thermodynamic equilibrium is almost impossible to reach at
the low wall temperature of 2000°R, as shown in Figure 24, but intermediate tem-
peratures of 4OO0°R and 6000°R would permit thermodynamic equilibrium with reac-
tion rate multiples of about 1000 to 10,000.

h. Mass Transfer Rate Effects

The insensitivity of erosion rates to increased mass trans-
fer coefficients is illustrated in Figure 28 which shows the throat erosion of
an uncooled nozzle using various multiples of the mass transfer coefficient.

C. Ablative Cooling Studies

1l. Introduction

In the quest for improved ablative rocket thrust chamber mater-
ials, it is possible to establish some specific material characteristics reguired
of any new materials considered if significant improvements in performance are
to be achieved.

Ablative materials presently used in liquid rocket thrust cham-
bers with propellants such as N204/0.5 NoHy-0.5 UDMH or Og/Hg have shown promise
of providing a simple, reliable thrust chamber cooling technique. In practice,
however, these materials have proven to be marginal in their capability to cope
with throat erosion, long run times, and propellant injector performance varia-
tions. If chamber pressure is increased, the performance of these ablative ma-
terlals is even more restricted.

Improved materials are necessary to meet the above requirements
as well as the more severe operating conditions imposed in the thrust chambers
of liquid rocket engines using the higher energy propellant systems such as OFg/
BpHg or Fg/He. Although it is to be expected that continued improvements and re-
finements will be made in the two basic ablative systems, silica-phenolic and
carbon cloth phenolic, a major advance in the state of the art is required to
really meet the demands of the hotter propellants.

) The silica-phenolic ablative composite has consistently shown
superior performance over similar ablatives for use as the combustion chamber
liner of liquid engines using NgOu/O.S NoHL-0.5 UDMH. Run times of over 10 min-
utes have been reported (Reference 6) at chamber pressures up to 150 psia. For
rocket engines in the thrust range of 2000 pounds and above, silica-phenolic ap-
pears to be practical as a throat material. However, throat erosion rates of 1
or 2 mils per second appear to be typical for this application. Of course, in
all of these applications, the basic silica-phenolic has been optimized in compo-
sition and configuration by variation of such parameters as resin content, use of
resin modifiers and additives, fiber type and orientation, and in the fabrication
and curing technigues.
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The carbon cloth-phenolic ablative composite has shown good per-
formance in the exit nozzles of solid propellant rocket motors. However, the
performance of this same material in a liquid rocket thrust chamber has been very
poor. This performance has been attributed to the highly oxidizing nature of
liquid propellant exhaust products which contain water vapor or carbon dioxide.
In the very hot propellant gases such as Hp/Fo or OF2/B2H6, the carbon phenoclies
have outperformed the silica phenolics because the exhaust products containing
such species as HF are less reactive with the carbon matrix than with the SiOp of
the silica-phenolic system. The surface temperature of the carbon- phenolic can
exceed 5000°F and the material not fail through melting or vaporizing while molten
silica would flow readily at temperatures above L4500°F.

Three basic approaches appear as logical avenues of research for
improved ablatives. The first is to discover the ideal thrust chamber material
which (1) would be capable of stable structural operation at the combustion gas
temperature, (2) would be inert to the combustion gases and (3) would provide ade-
guate insulation of the surrounding structure. Materials which approach the struc-
tural requirement, but so far have fallen short of the other requirements, are the
graphites, refractory oxides, and carbides, as well as the more refractory metals
such as tungsten and tantalum.

The second approach is to provide a composite material which is
composed of a stable high temperature matrix material which is impregnated with
a filler or resin which will decompose as the material absorbs heat and by out-
gassing of the decomposition products will provide cooling of the surface of the
thrust chapber walls during the 1life of the engine. 1In some cases, the cocling
provided may be sufficient to reduce the erosion rate to an acceptable valuc dur-
ing the engine life. Outgassing appears to be the predominant cooling mechanism
in the performance of carbon phenolics in nonoxidizing environments.

The third approach is to develop a composite material in which
a highly endothermic reaction occurs between the major constituents of the com-
posite at such a rate and at such a temperature that the surface of the composite
will be cooled to a temperature where structural integrity is maintained at some
minimum cor acceptable erosion rate. It would be desirable that the products of
the endothermic reaction be a solid plus a gas, so that a solid matrix remains
and the product gas would also act as a transpiration cooclant. Examination of
silica~-phenclic ablation in a liquid rocket environment reveals that the endotherm-
ic reaction between the silica and carbon char may well be the predominant erosion-
controlling mechanism.

2. Preliminary Analytical and Experimental Studies

Several analytical and experimental tasks were undertaken to pro-
vide an understanding of the thermodynamic and chemical phenomena which were con-
trolling the ablative char and erosion rates in silica phenclics.
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a. Thermochemical Equilibrium Studies

A preliminary evaluation of the probability of a number of
endothermic reactions occurring within the ablative composite was undertaken us-
ing the IBM TO40 Thermodynamic Subroutine to calculate the equilibrium composi-
tion of the mixture of reactants and products as a function of temperature. The
enthalpy changes associated with these reactions were also calculated as a func-
tion of temperature.

Three important factors, in addition to enthalpy changes,
were also considered as affecting the occurrence of the reactions indicated by
the analyses. One important factor would be the reaction kinetics involved,
which would affect the rate of these reactions in the time allowed by the situa-
tion in the combustion chamber. Also affecting the occurrence of these reactions
would be the physical form of the reactants (liquid, fibers, gases, powder, etc. ).
A third consideration would be the physical phenomena associated with the indicated
reactions. If one of the reaction products is a gas which is immediately driven
off while a so0lid residue remains in the matrix, the reacticns would tend to go
to completion. If the reaction products resulted in complete loss of structural
integrity of the chamber walls at an intermediate temperature (i.e., below 3500°F ),
the result of the reaction would probably be rapid erosion.

b. Heat Transfer Analysis

For specified ablative decomposition rates or char rates or
erosion rates, the equilibrium transpiration cooled wall temperatures were calcu-
lated. These temperatures were then compared with the structural capability of
the ablative matrix surface. In the case of glass forming oxides for which vis-
cosity versus temperature is known, the flow of molten material along the nozzle
walls can be estimated.

0f course, there must also be a heat balance between the
heat absorbing capability of the ablative composite (due to conduction, reaction,
vaporization, etc.) and the heat flux to the transpiration cooled wall by convec-
tion and radiation. It is desirable to operate at the highest wall temperature
possible to minimize the heat input to the variow heat absorbing phenomena, in
order to attain maximum operating time with minimum mass addition.

¢. Laboratory Evaluation

The probability of the analytically derived endothermic reac-
tions being completed in the time available in the thrust chamber depends upon
kinetic considerations. Several simple laboratory analysis techniques were used
to obtain clues to the actual chemical reactions occurring within the ablative
matrix. These techniques included, among others:
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1. The Differential Thermal Analyzer, which was used
to detect the occurrence of endothermic and exo-
thermic reactions within a resin, filler, matrix
composite between room temperature and 2800°F.

2. Qualitative and quantitative analysis of the com-
position of various reaction products in the de-
graded silica-phenolic char structure.

5. Heating an ablative composite in an inert atmos-
phere to temperatures above 2000°F and analyzing
the products by spectrography and X-ray diffrac-
tion to obtain data on the formation of stable
reaction products at temperatures near the oper-
ating wall temperatures. Heating to different
temperature levels and for different times pro-
vided qualitative kinetic data.

3. Char Rate and Transient Temperature Analysis

One of the more important parameters to be determined in the
ablative process is the surface temperature of the ablating material which is
the driving force for heat flow to the substrate. Since it is difficult to
measure thrust chamber wall temperatures under operating conditions, other means
must be used to estimate the surface temperatures analytically or experimentally.
Tt was thought that the viscosity of the molten silica as a function of temper-
ature could be used to bracket the feasible temperatures since viscosity could
be correlated with the surface removal rate and the shear forces needed to accomp-
lish the surface remcval. A viscous shear flow model, described later, indicated
that surface temperatures of 4000° to 4500°F appeared reasonable for an ablating
silica-phenolic surface subjected to the dynamic shear stresses in the throat of
a liquid propellant thrust chamber. Therefore, a preliminary charring ablation
analysis was made assuming a constant surface temperature of U4300°F.

Three charring rate analyses were made using the IBM TO4 Thermal
Analyzer program.

The first analysis was conducted for a l-inch silica-phenolic
slab with an adiabatic back wall and a constant surface temperature of 4300°F.
No allowance was made for transpiration coocling effects or for heat absorbed in
the resin system degradation or phase change of the silica reinforcement. Excel-
lent correlation was achieved when the analytically determined temperature dis-
tributions for the heating period were compared with experimental data obtained
from NASA-Lewis Research Center for silica-phenolic nozzles attached to a 100 psia
chamber pressure H2/02 rocket engine. Somewhat poorer correlation was achieved
in the cooling period, which was partly attributed to the choice of a slab con-
figuration.
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The second analysis was made of wall sections of a 1750-pound
thrust Saturn S-IVB ullage engine prototype. This analysis utilized a convec-
tive heat flux which was calculated to be consistent with the combustion chamber
environment at the given location. The surface temperature of the analytical
model was allowed to respond to this heat flux and the thermal diffusion proper-
ties of the material. The back faces of the cylindrical sections were assumed
to radiate to a simulated test cell environment and, as before, no allowance was
made for other than sensible heat absorption by the material. The surface tem-
perature of the analytical model rose rapidly in 10 seconds to 4400°F and climbed
gradually to 4600°F. The temperature distributions in the wall checked reason-
ably well with engine experimental data and very well with NASA-Lewis data.

A third transient thermal analysis was made for a cylindrical
wall section equivalent to the experimental nozzles tested by NASA-Lewis (Refer-
ence 7). A schematic of the wall section is shown in Figure 29 with the equiva-
lent thermal circuit. The boundary conditions and material properties were idﬁn—
tical to the first analysis (Ts = L4300°F, adiabatic outside wall, & =3 x 10~
in.e/sec). Again, excellent correlation was achieved with experimental data on
the initial 30-second heating period, and also satisfactory correlation was
achieved in the cooling period due to consideration of the radial heat conduction.
The results are shown in Figures 30 through 33.

The two NASA-Lewis test nozzles were initially run for 30 sec-
onds with 5 subsequent runs of 40 seconds each and complete cooling between runs.
The temperature data were obtained at 3 axial planes in the nozzle with 4 thermo-
couples at various depths set 90 degrees apart. Figure 34 compares the analyti-
cally determined temperature history at a point in the nozzle with the tempera-
ture history for a single thermocouple at the same depth for the initial 30-sec=-
ond run and cool-down of one chamber. It is noted from Figure 34 that the ex-
perimental data rise faster than the calculated temperature curve. It is likely
that the value of thermal conductivity is higher than the published value. The
faster cooling rate after shut-down can be accounted for if radiation heat trans-
fer from the hot surface is considered during the cooling period. Figures 30 and
51 show temperature distributions at various times during the initial run for
both chambers and for all 3 planes plotted together as a function of distance
from the inner surface. Figures 32 and 33 show temperature distributions for one
chamber and one axial plane only but contain composite temperature history data
for all six runs on the same plot.

Several important conclusions of this thermal analysis program
are given as follows:

1. Surface temperature assumptions in excess of 4000°F for
ablating silica-phenolic materials may be considered
reasonable, both from the standpoint of resulting tem-
perature histories in the material during heating, and
from the viscous shear flow analogy described later in
this text.
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2. The fact that excellent correlation of analytically
determined temperature distributions with the ex-
perimental data was achieved precludes the possibil-
ity of any great reduction in heat transfer by the
transpiration cooling and heat absorption by chemi-
cal reactions in the charring ablation of silica- -
phenolic materials. When dimensional ablation occurs
and phase change.and chemical reactions have to be
taken into account, endothermic absorption is import-
ant, as discussed later.

There are several precautions that must be observed when apply-
ing the simple thermal diffusion charring ablation model to future analyses.
This model is for transient ablation where no surface recession is taking place.
In general, radiation heat transfer inside the combustion chamber need not be
accounted for but should be taken into account in the throat and exit areas. The
temperature history of the outside of the ablative wall appears to be somewhat in-
sensitive to the inside surface temperature for the range of material properties
and combustion conditions encountered in current ablative thrust chambers. It may
also be said that, for the initial steady state run, the thermal properties of
the virgin materials are adequate to define the movement of the char line (800°F
isothermal line) since the heat diffusion into the virgin material is a function
of its prerun properties rather than the properties of the char structure formed
behind this 800°F line. The changed thermal properties of the char structure must
be considered, however, on a restart firing where the time required for the char
progression to resume is definitely a function of the thermal diffusivity of the
char. The change in thermal properties must alsoc be considered in the cooling
of the chamber.

Inasmuch as conventional charring ablation systems (i.e., silica-
phenolics) demonstrate no particular reduction in surface temperature or charring
rate attributable to heat absorbed in degradation of the resin, the consideration
of precharred reinforced resin systems looks reasonable. The precharred systems
are processed by undergoing controlled pyrolytic degradation, and the resulting
product has greater structural integrity and dimensional stability than a virgin
resin system which is pyrolyzed in the combustion chamber environment.

The analytical parameter which several agencies have used to cal-
culate char depth as a function of time, when no dimensional ablation is present,
is Vol t (X = Thermal diffusivity) which appears in the general Fourier solution
for transient heat conduction into a solid. All agencies have used this parameter
either directly as char depth = Constant x YeX t or have used an effective diffus-
ivity to account for the changing thermal properties of the material. Figure 35
presents char depth test data from several agencies compared to analytically de-
termined progression of an 800°F isothermal line into the substrate. The 800°F
isotherm transient for a cylinder produces a history which is dependent upon time
to less than the 0.50 power (O.47 power for the case shown in Figure 35) with the
actual exponent dependent upon the inside radius and the radius ratio. Calcula-
tions can be made to determine the range of cylinder proportions over which time
to the 0.5 power may be used as a good approximation in char progression analysis.

UNCLASﬂ?IED | - 31 -




TMC A€T3

%rquam’f

ey REPORT, 6069

Ul\iC_LA SSIFIED VAN NUYS, CALIFORNIA

4, Analytical and Laboratory Studies

a. General Considerations

The chemical reaction potential between silica and a carbon-
aceous residue, though recognized, has not been directly related to ablative ma-
terial performance in general. Several such S5i10p-C reactions may take place in
the range Prom about 2000° to 4LS500°F yielding SiC and CO initially and ultimately
8i0 and CO. The reactions may, in fact, completely consume the carbon in the char
layer before any reaction occurs between the propellant combustion products and
the carbon residue.

Both theoretical and experimental studies have been con-
ducted to evaluate the kinetic nature of these chemical reactions and their pos-
sible effect on the ablation rate of silica-phenolic materials. A microphotograph
of a wall section of a fired silica-phenolic thrust chamber (Figure 36) shows a
carbon depleted layer to illustrate the region of interest in the carbon-silica
reaction study.

An analysis of the transient thrust chamber surface temper-
ature rise that would be predicted on the basis of only convective heat transfer
in the chamber and heat conduction in the silica-phenolic wall material is shown
graphically in Figure 37. These curves show that for a gas temperature of 5000°F
and values of heat transfer coefficient above 100 Btu/hr-ft2-°F the melting tem-
perature of the silica (3100°F) is reached within 5 seconds. For the run times
in excess of 50 seconds, the temperature of the silica surface without cooling
would be within 650°F of the gas temperature. Therefore, all of the possible
S5i=C~0 reactions that could cccur at temperatures up to the flame temperature are
of interest.

The region of carbon depleticn beneath the molten layer is
a region wherein SiOp may be ablated internally due to chemical reaction with the

amorphous carbon residue of the charring process. The possible chemical reactions
are as defined below:

. — .
8102 + 3C MRS Slc(solid) + ECO(ga.S)

8102 + 2C Sl(l) + 2 CO

. —_—
810 + C SlO(gas) + co(gas)
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In all cases, there is an amount of SiOp in excess of
that required to complete the reactions with the available carbon. Because of the
silica-carbon depletion in the form of gaseous products, the melt layer assumes
a foamy, low density comsistency rather than becoming a uniform layer of molten
silica. The techniques used to analyze the above mechanisms have included the
following:

1. Heating of charred samples of silica-phenolic
thrust chamber sections in a laboratory fur-
nace in both inert and partial vacuum atmos-
pheres

2. Heating of sandwich sections of alternate quartz
glass and graphite slabs in a laboratory furnace

3. Heating of a virgin sample of silica-phenolic
laminate in a Differential Thermal Analyzer

L. TFlash exposure of a fired thrust chamber slag
coated surface to an oxy-acetylene torch

5. Spectrographic analysis to examine elemental.com-
position of ablative residues

6. X-ray diffraction analysis to determine the pres-
ence of crystalline structures (such as SiC) in
the heated tThrust chamber char sections and sur-
face slag

T. Microphotographic study of the char structure

8. A computer analysis program to determine the chem-
ical equilibrium composition of the silica-carbon
reactions as a function of temperature and pres-

sure.

b. Laboratory Experimental Analyses

(1). Experiment No. 1

Three char samples of a silica-phenolic thrust
chamber wall were induction heated in a carbon crucible under controlled environ-
mental conditions. The results are described as follows:

Speciman No. a:

Atmosphere: Argon at a pressure of 5 to
8 inches of mercury

Run time: 2 minutes

Maximum temperature: 2300°F
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The sample was reduced to a small fraction of its
original size as a result of the experiment, with a large loss in weight. The
curves of Figure 38 show that vaporization or dissociation of the silica alone
would not occur at this temperature and pressure. It must be concluded that the
silica was lost through reaction with the carbon to form Si0 as) The possibility
of this reaction can be shown in Figure 39 which gives the chémical equilibrium
composition for this reaction as a function of temperature and pressure.

Specimen No. b:
Pressure: 1 atmosphere (Argon)
Maximum temperature: 2850°F
Test Procedure:

Specimen heated 5 times to a temperature
of 2650°F or less. The sixth run produced
a temperature of 2850°F for a 1 minute run.

Little mass loss resulted compared to the previous
experiment and as noted from rounding of the edges only. Sectioning of the sample
revealed a light gray surface layer contrasting with the deeper gray-black color
of the substrate. From inspection of the char under a 45 power microscope, it was
noted that there were silvery-gray deposits throughout the surface layer. It was
suspected that these could be formations of silicon carbide. A subsequent guan-
titative chemical analysis revealed a carbon content of the order of 5 percent
near the sample surface and 15 percent in the substrate material. This, of course,
did not indicate the form of the carbon. Samples of both sections were subsequent-
ly sent to Sloan Research Industries for X-ray diffraction analysis to determine
the presence of SiC. The results revealed a concentration of approximately 15
percent SiC in the surface layers (carbon depletion area) and about 5 percent SiC
in the substrate. It is stressed that these percentages are only approximate,
since exacting quantitative measurements cannot be made with this technique. It
is likely that a mass loss occurred in the form of CO from the following reactions:

510~ + 3C Sic + 2¢0
2 -—

The 15 percent carbon content in the sample inter=-
ior is about the amount expected for the residue from the original depolymeriza-
tion of the phenolic resin. During the experiment, the temperature in the inter-
ior was apparently too low to give a high yield of 8iC. At the surface, where
the temperature reached 2850°F, it appears that the reaction went to completion in
the presence of the excess of Si0Op. The carbon concentrations found from this ex-
periment were subsequently used for a computer analysis program to evaluate the
silica~-carbon equilibrium reactions as a function of temperature and pressure.as
reported in a following section.
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Specimen No. c:

Pressure: Initially 1 atmosphere (Argon) for
5 minutes, then vacuum pull down
for 1 minute.

Maximum temperature: 3070°F
Extreme outgassing of the sample occurred to the
extent that there was virtually nothing left of the sample. It was apparent from
this result that the SiC reaction alone could not account for the great degree of

mass loss and that the silica itself was lost as a consequence of the chemical
reaction. In all probability, the predominate reaction was the following:

The products of this reaction are, of course, gaseous, leaving no solid residue

for the reaction quantities involved.

(2). Experiment No. 2

In this test, eight slabs of graphite approximate-
ly 1 by 1 by 0.25 inch and four slabs of gquartz glass nominally 1 by 1 by 0.050
inch were stacked alternately and heated in the carbon crucible for 12 minutes.
The pressure was 1 atmosphere, an argon purge was used, amd the tempcrature ranged
from 2600° to 3300°F. At the end of this period, all of the 8i0p had reacted and
the loss of material was approximately equal to the original concentration of the
silica (15 percent by weight). Examination of the graphite crucible after the
test run revealed that a heavy crust had formed on its surface. This crust could
have been SiC from the reaction. It seems likely that both the Si0O and SiC reac-
tions were taking place simultaneously. It can be seen from analytical studies
that the SiC reaction will predominate over the Si0O reaction at the lower temper-
atures. However, it was necessary at some stage of the reaction for SiO(gag) or
510> vapor to be formed in order that the material could be transported to react
with the wall of the crucible.

(3). Experiment No. 3

A test was run to follow up Experiment No. 2 to
determine if SiO or SiOp vapors had to be formed initially for the silica-carbon
reaction to take place under the temperature and pressure conditions of the ex-
periment. In this test, a single slab of quartz was supported by a slab of zir-
conia (ZrOe) under which was placed a graphite slab. The test conditions were
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similar to those of the preceding test. The silica melted under heating and reac-
ted only slightly with the surface of the ZrOp. The results would thus indicate
that liquid phase contact of silica with carbon is adequate to bring about reac-
tion. A gilicon carbide rod had also been placed in the crucible during the same
test, and it was unaffected by the conditions of the experiment.

(4). Experiment No. 4--Differential Thermal
Analysis (DTA)

A sample of resin-bonded, high silica cloth was
submitted to the Differential Thermal Analyzer (DTA) to explore the possibility
that endothermic silica-carbon reactions could occur during the ablation of the
material at temperatures of 1800°F or greater.

Specimens were machined for testing from stock
samples of C100-48 cloth W/SC 1008 resin. The nominal dimensions were 0.25 by
0,50 inch. The initial weight was 0.937 gram. The specimen was wrapped in 0.001-
inch platinum foil. The reference material was alumina powder similarly wrapped
in platinum foil. The differential thermocouples of chromel-alumel were inserted
in the specimens and the assembly was placed in the furnace. The furnace was
heated at a rate of 8.6°F/min until a temperature of 2500°F was attained. The
differential thermocouple output was used to position the chart, and the output
of the furnace control thermocouple was used to drive the pen upscale. After
cooling, the final specimen weight was 0.820 gram.

As the resin-bonded, high-silica cloth was heated,
it appeared that sufficient heat was generated by combustion of the gases given
off to mask any heat absorption caused by charring, water evolution, etc. Above
1700°F, the endothermic absorptions were observable.

The quantity of heat evolved per unit was not de-
termined because no calibrating DTA runs were made.

(5). Experiment No. 5--Microscopic Observations of the
Char Structure of Silica Reinforced Phenolic

Initial microscopic observations were made on sam-
ples of Refrasil reinforced phenolic sections cut from thrust chambers that had
been run with NpOL/Aerozine 50 at 100 psia chamber pressure. The Marquardt Mater-
ials and Processes Laboratory cut and mounted sections of the virgin material and
also a section through the char surface adjacent to the flame. Samples were taken
of excessive bubble formation and also of thin bubble formation.

Photomicrographs, taken at 10, 50, and 100 power
magnification, pointed out the following:

1. Fiber diameters were 10 to 12 { with several
hundred strands per bundle.
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2. There were small gas pockets or voids in
some of the virgin phenolic samples.

5. By looking at the char surface interface
through the 45 power binocular microscope,
the various surface zones could be clearly
observed. The following characteristics
were noted:

a. Deep continuous cracks or delaminations
in the char structure

b. Origination of the surface bubbles from
within the fiber bundles as they were
heated and fused

¢. Metallic appearance of coating on silica
fibers near cracks and delaminations

d. Metallic appearance of coating in the
larger silica bubbles not yet exposed
to combustion gas

e. Whiteness of small bubbles within the
melt layer

f. Depletion of carbon in the substrate below
the molten silica layer (See Figure 36).

(6). Experiment No. 6--X-Ray Diffraction Analysis of Fused
Surface Slag of Fired Silica-Phenolic Thrust Chambers

To determine the composition of the fused surface
layer of fired silica-phenolic thrust chambers for comparison with theoretical pre-
dictions, four samples were taken from characteristic areas in three Saturn S-IVB
ullage engine test chambers (See Figure 40). The samples were chosen from differ-
ent appearing residues from the chamber liners, i.e., one sample appeared to be
predominately pure fused silica, other samples of the fused material appeared to
be metallic coated, and another sample appeared to be of carbonaceous composition.
In all cases, these residues proved to be almost pure silica with minor traces of
3iC and other constituents which caused the differences in appearance. The black
appearing residue, for instance, was caused by iron deposits from a burnout of an
injector attachment ring. One thrust chamber had a tantalum liner insert which
melted and traces of this material appeared in the fused residue. The metallic
locking coating of SiC on the fused silica foam was microscopically thin and con-
stituted a very small percentage of the sample. A subsequent oxy-acetylene torch
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test flashing of the thrust chamber, which was completely coated, demonstrated
that the coating could be instantaneously removed in an oxidizing atmosphere at
moderately high temperatures. This result leads to the belief that the SiC sat
the surface resulted as a flash coating caused by the reducing nature of a fuel
purge during shutdown.

In short, no fundamental difference could be found in
the samples that detracts from the basic theory that the fused silica in the sur-
face layer becomes depleted of carbon from internal chemical reaction.

¢. Analytical Determination of Silica-Carbon Reactions

From the chemical analysis of a charred thrust chamber sec-
tion which had been heated in the laboratory furnace in an inert environment of
1 atmosphere pressure to 2850°F, it was found that there were two general regicns
of carbon depletion in the char specimen. The outer layer, which was light gray
in color, contained 5 percent carbon and the inner layer, which was a darker char,
contained about 15 percent carbon, the remaining constituents being silica and a
3 to 5 percent concentration of glass-forming impurities. From this information,
a computer analysis was made of the equilibrium composition of a silica and carbon
mixture as a function of temperature and pressure for carbon concentration of 5 to
15 percent. The results for 15 percent carbon are shown in Figures 39, 41, k42,
and 43. It is of note that the silicon carbide reaction preferential is limited
to temperatures of less than 3000°F and is apparently independent of pressure,
except that the suppression of the Si0O reaction at higher pressures will extend
the range of SiC formation at 350 psia to about 3100°F. At temperatures above
this point, the silica that reacts with the carbon becomes an equilibrium mixture
of metallic silicon and Si0O gas with the latter product becoming predominant at
temperatures ranging from 3700°to L4300°F, depending on the chamber pressure. Above
these temperatures, the reaction products for the 5 percent carbon specimen are
510 gas, CO, and unreacted SiOp, with the SiO concentration reaching a maximum of
17 to 18 percent of the products by weight. This amount of SiO evolution would
substantially add to the dimensional ablation rate along with altering the viscos-
ity and density preoperties of the molten boundary layer. The analytical results
demonstrate that the heat absorbed by the silica-carbon reactants could be as high
as 2000 to 4500 Btu/1b in the temperature span from 2000° to 4300°F, whereas an
increase of about 750 Btu/lb would have been absorbed by sensible heat storage
effects fora nonreacting silica-carbon matrix.

This quantity of heat absorbed is of significant importance
to be used in a heat balance to formulate a dimensional ablation model. It must
be emphasized that these quantities of heat would be absorbed only if the reac-
tions had sufficient time to go to completion. A chemical model is shown in Table
IV for the silica-carbon matrix reaction which may be eguivalent to an ablating
silica=phenolic thrust chamber wall. It is theoretically possible toc lose 90 per-
cent of the silica content of the charred material and all of the carbon by forma-
tion of gaseous products if chemical equilibrium is attained at the predicted high
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surface temperatures of LOO0O°® to 4500°F. This may explain the deep grooving of
silica-phenolic thrust chambers in areas wherein the shear forces on the molten
layer of silica would be relatively low but subject to high gas temperatures
caused by local variation of O/F ratio.

Another serious consideration of the carbon -silica reaction
is for the space shutdown postrun condition. Along with.chemical reaction, simple
dissociation and vaporizing of the silica may occur under these conditicns of high
vacuum and heat soaking. The chemical equilibrium of silica and carbon reacting
under these conditions as shown in Figure 44 indicates that the entire char sub-
strate could gasify if allowed to remain very long at temperatures as low as 2700°
to 2900°F. Again, it must be emphasized that this would occur only if the reac-
tion had sufficient time at these temperatures to go to completion.

Figure 38 gives the vapor pressure and dissociation pressure
of molten silica as a function of temperature. At vacuum pressures in the range
of 1075 mm Hg, which might prevail in the thrust chamber in space under conditions
of postrun charring of the resin system and the diffusion of SiOo vapor products,
the loss of Si0Op could be critical in view of the time required for the surface to
cool below the reaction temperature at this pressure. A sample calculation is
given below to illustrate this possibility for the vaporization of 8iOp.

Assume, for example, a surface temperature of L4300°F, which
appears reasonable from analyses described in this text. A molten layer thickness
of 0.050 inch with an inner boundary at 3100°F is also consistent with this anal-
yois. This provides an average temperature difference of 600°F above 3100°F.

Average specific heat of silica layer, C, = 0.36 Btu/1b-°F

Heat of vaporization, Hg = 3700 Btu/lb

Sensible heat stored in material above 3100°F szyr

Heat of vaporization Hg

Co 8T 0.36 (600)
i 3700

= 0.0585

This would mean that 5.85 percent of the Si0p in the 0.050-inch thick molten layer
could vaporize at a pressure of 1075 mm Hg if the heat content were thus absorbed
before it could be dissipated by radiation and conduction heat transfer effects.
If this percentage of the molten layer were removed at the surface, a loss of 3
mils of silica would occur at each shutdown interval. The cumulative effect on
multipulse duty cycles could be a serious consideration.
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It would be desirable to conduct laboratory experiments to
determine the actual silica-carbon reaction and vaporization rates as a function
of the temperature and pressure conditions that would be encountered by a space-

craft engine throughout its operating life.

The sample calculations given below present a chemical mass
and energy balance for the reactions possible within the charred silica-phenolic

thrust chamber walls.

Sample Calculations

Chemical Mass Balance for Reaction Zone No. 1--Initial Composition: 15%C, 85% SiOp

85 gms 15 gms 16.7 gms 23.3 gms 60 gms AH

Il

S10, +3C —— 8iC + 2CO + 810, = 6000 Btu/1b
(60) (36) (Lo) (56)

Consider 100 gms charred material

Weight of Si0p to react = 60/36 x 15 = 25 gms
Unreacted SiO, =85 - 25 = 60 gms
Weight of SiC formed = 40/36 x 15 = 16.7 gnms
Weight of CO lost = Lho - 16.7 = 23.3 gms
Weight of solid residue = 100 - 23.3 = T76.7 gms
Weight % SiC formed = 16.7/76.7 = 21.8%

Weight % of C
A H

Reaction Zone No. 2 - Initial Composition: 6.5% C, 93.5% SiOp

12/40(0.218)= 6.5%

I

0.218(6000) = 1308 Btu/lb initial char

76.7 gms remaining (60 gms Si0Os, 16.7 gms SiC)

60 gms 16.7 gms 18.3 gms 11.7 gms 11.7 gms 35 gms

510, + SiC 510 + CO + Si + S5i0p

~——

(60) (ko) (ub) (28) (28)

153 kcal/mole
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Weight of S5i0Os to react

Unreacted SiOp =

Weight of CO lost

Weight of SiO lost

1}

Weight of Si formed =
Weight lost =

Residue =

35 gms 11.7 gms
810, +8i T
(60) (28)

Weight of SiOp to react

Weight of Si0O gas

Weight of Si0Op remaining

85 gms 15 gms
810, AN —
(60) (12)

Weight of 8102 to react

Residue

60/40 (16.7)
60 - 25
16.7/40 x 28
16.7/40 x Lk
16.7/40 x 28
11.7 + 18.3

35 + 11.7

Reaction Zone No. 3 - Initial Composition:

36.8 gms

2 8i0 +
(88)

60/28 (11.7)
11.7/28 x 88
35 - 25.2

= 25 gms
= 35 gms
= 11.7 gms
= 18.3 gms

= 11.7 gms

30.0 gms

46.7 gms

100% 8i0p + Si

46.7 gms remaining (35 gms 5i0O,, 11.7 gms Si)

9.8 gms

S5i0o

25.2 gms

36.8 gms

9.8 gms

If all of the initial 15 gms of C were to react directly with the 85 gms SiOp,
the following reaction would prevail if allowed to go to completion:

55 gms 35 gms 10 gms
Si0 + CO + 5i0p H = 147 kcal/mole
(k) (28)

15/12 (60) = T5 gms

85 - 75 = 10 gms (Checks with above)
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The indications from an analytically derived 15 percent
carbon/85 percent silica equilibrium reaction are that this condition is possible
in the range from 4300° to 4L600°F.

5. Dimensional Ablation Models

The theoretical thermochemical and heat transfer analyses to-
gether with laboratory studies of the chemical mechanisms of ablation have shed
new light on the relative importance of these phenomena in controlling ablation
rates within rocket thrust chambers. From the results of this investigation, a
simplified ablation model was formulated to predict dimensional ablation rates
of a silica-phenolic composite in a thrust chamber environment. The agreement
of these predictions with full scale experimental data supports the conclusion
that erosion rates may be controlled by the chemical kinetics of the silica-carbon
reaction within the chamber.

The analytical and laboratory studies described in this text
provide a basis for the simplified ablation model based on the following assump-
tions:

1. Charring rates and transient temperature distributions
may be predicted on the basis of thermal conduction
only. The heat absorbed and gases evolved in thermal
degradation of the resin are insufficient to control
surface temperature or erosion rate.

2. The viscous character of the molten silica is such
that comparatively high dynamic shear stresses can be
sustained at surface temperatures well above its melt-
ing point.

3. The highly endothermic reactions possible between the
silica and the carbon char residue in the chamber wall
can take place under thrust chamber firing conditions
with the evolution of gaseous CO and SiO (as confirmed
by laboratory and test firing data).

i. Reactions between the propellant combustion products
and the ablative wall materials is a minor effect in
the silica-phenolic ablaticn, as evidenced by the
depletion of carbon in the composite while completely
shielded from combustion products by the molten silica
film formed during firing.
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Results formulated from the above criteria compared to experi-
mental results explain the sensitivity of localized erosion rates to heat trans-
fer and gas temperature distribution on the basis of the kinetics of the above
phenomena. This effect is illustrated in Figure 45 which compares the throat
erosion pattern of a silica phenolic thrust chamber with the measured cold wall
heat flux utilizing the same injector (Reference 8). Local heat fluxes are shown
to vary only by a factor of two compared to throat erosion rates varying from
zero to 5 mils/sec.

a. Chemical Ablation Model

The ablation model involves a simplified heat balance be-
tween that convected to the ablating surface, that absorbed chemically and sensi-
bly in the reaction zones, and that conducted to the material substrate through
an arbitrary isothermal line beyond which no highly endothermic reactions are
assumed to occur. The chemical model used is that shown in Table IV for an ini-
tial resin content of 30 percent. The ablation model used for illustration pur-
poses is one wherein the entire region of carbon depletion is assumed to occur
between 2500°F and the surface temperature of approximately 4000° to 4200°F. The
heat absorbed in this region by chemical reaction and enthalpy change of the prod-
ucts was calculated to be about 4200 Btu/lb. These values assume completion of
all reactions, leaving a 10 percent Si0Op residue from the original charred mater-
ial. (It is considered later that this reaction may not go to completion.)

The transpiration cooling ( "blowing" parameter) effect has
been evaluated and found to be negligible for the purposes of this model. A
surface regression rate of 2 mils/sec, assuming all goceocus pnroducts given off,
would lower the adiabatic wall temperature less than 200°F for a gas temperature
of 4750°F and a chamber pressure of 100 psia (See Figure 4k).

Throat erosion rates as a function of time were calculated
from steady state sea level experimental test data for the Saturn S-IVB ullage
engine. This information is shown in Figures 46, 47, and 48 and is used for com-
parison with analytical results (See Figure 49). Some amount of trial and error
was used to arrive at surface temperatures which were compatible with both re-
sults. Typical calculations follow.

b. Ablation Model Calculations

A heat balance calculation had been made to examine heat
balance criteria for an ablating silica~-phenolic thrust chamber when only heat
conduction and surface melting is considered. The following assumptions were made:

1. Heat transfer coefficient

500 Btu/hr-ft2-°F

2. Gas temperature = L4900°F
3. Surface temperature = L4300°F
4. Dimensionzl ablation rate = 2 mils/sec
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Under these conditions of heat transfer at time t = 100 sec,
the material could only absorb about 25 percent of the convected heat flux through
phase change and sensible heat storage effects. The unaccounted for heat flux, if
divided by the mass removal rate, would indicate that about 4000 Btu/lb would have
to be absorbed in another manner. This value is very close to that predicted by
the silica-carbon chemical equilibrium studies. The only other alternative would
be for the surface temperature to rise in order to balance the heat transfer across
the surface boundary. For this case, the surface temperature would have to rise
to UT50°F or within 150°F of the gas temperature. This would appear unlikely since
the viscosity would be lowered by a factor of almost 20 over that at 4300°F and a
factor of 100 over that at 4O00°F which may indicate a more rapid flow rate than
is actually the case. If high ablation rates on the order of 5 mils/sec are
assumed, the surface temperature would have to stabilize at 4650°F in order to ef-
fect a heat balance. These high surface temperatures appear very unlikely, both
from the standpoint of the lowered silica viscosity and also from the fact that
the internal chemical reaction which is known to be taking place has an equilib-
rium temperature of several hundred degrees below these values (around LOOO°F for
15 percent C/85 percent SiOp at 100 psia).

It has been calculated that gas temperatures as low as 4500°F
have existed in the early S-IVB sea level steady state thrust chamber firings
which are used for comparative purposes. The erosion rates for these chambers
have been on the order of 1.5 to 2.0 mils/sec.

The Q/A absorbed chemically might be as follows:

(4500 - L000)

- -
Q/Aq opvection he AT = 500 Tih (3600) 0.483 Btu/in.=-sec
Q/A conducted through 3100°F isothermal = 0.1 Btu/in.e-sec at t = 100 sec
Weight of silica char = 5.3 x 10~2 1b/mil-in.°
0.585_Btu = 14130 Btu/1b
in.2-sec L-T5 mil o 5.3 x 1070 1b
sec mil-in.2

UNCLASSIFIED - Lk -




TMC A673

UNCLASSIFLED VAN NUYS, CALIFORNIA reroRT

W g

6069

Consider now higher flame temperatures where erosion rates
have risen to 5 mils/sec at gas temperatures of the order of 4900°F. It may also
be reasonable to assume that the surface temperature has risen a few hundred de-
grees higher to perhaps 4200°F.

500 (L4900 - 4200)
144 (3600)

Q/A convection = 0.675 Btu/in.-sec

Q/A conducted = 0.1 Btu/in.g-sec

Q/A absorbed (3100° - L200°F) = 0.575 Btu/in.o-sec
0.272 Btu = 2170 Btu/1b
in.2-sec x 2Bl y 2.3 x 10
sec mil-in.2

If the surface temperature had remained at 4O00°F, the heat absorbed per pound
would have been 2900 Btu/1b.

It appears from this experimental evidence that this mater-
ial may ablate less efficiently when the gas temperatures are raised to more than
a few hundred degrees higher than its normal chemical equilibrium temperature and
that the silica-carbon reaction may not have time to go to completion before the
initial reaction products are lost. This may suggest an exponential variation of
ablation rate with gas temperature rather than the approximately linear one shown
in Figure 50 at high heat transfer rates. (The analysis for these curves had
assumed a constant heat absorbed of 4200 Btu/1b)

It is likely that when high rates of dimensional ablation
are taking place (in excess of 2 mils/sec), in the throat region,that some com~
bination of chemical and physical erosion may be taking place with the chemical
reaction still predominating. In actual practice, there may be a build-up of
silica at the throat exit indicating silica flow. However, the ever present de-
pletion of carbon in the fused surface layer would indicate that at least Reaction-
No. 2 in the chemical ablation model had gone to completion (See Table IV and Fig-
ure 51). If Reaction No. 3 were not allowed to occur, the so0lid residue would be
in the range of 50 to 60 percent instead of the 10 percent postulated by the theo-
retical model. This would also be at the expense of about 1600 Btu/1b of endo-
thermic heat absorption capacity. The loss of this gquantity of heat absorption
ability would be very close to the reduction in ablative efficiency which is pre-
dicted by the "high ablation rate" heat balance previously shown.
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A brief analysis was made of the effect of effective endc-
thermic heat absorption on wall temperature and erosicn rate for two differ=ut
combustion gas temperatures, 5000° and TO00°F. The curves of Figures 52 and 53
show that a thrust chamber material surface absorbing 5000 Btu/lb at a tempera-
ture of U4300°F in a 5000°F gas would recede at a rate of 0.5 mil/sec and under
similar conditions in a TOOO°F gas would recede at a rate of 2.0 mil/sec.

To simplify the ablation model presented, the temperature
distribution which determines heat conduction tc the substrate is referenced to
the original surface. At erosion rates of 2 mils/sec or less, this appears %o
be a reasonable approximation since after 20 seccnds the heat conducted to the
substrate is only on the order of 10 percent of the convected heat flux. The
assumption of a boundary moving at 2 mils/sec would only vary this flux by a few
percent. In the case of higher erosion rates (5 mils/sec), the conducted heat
flux could remain as high as 50 percent of the convected flux for some period of
time, and consequently the moving boundary would have to be considered.

¢. Viscous Shear Flow Ablation Model

Prior to the establishment of critieria to formulate a chem-
ical agblation model, a simple viscous shear flow model was made for a molten gil-
ica surface in a typical liquid propellant thrust chamber envircnment. The pur-
pose was to examine this mode of ablation and to establish surface temperature
criteria for the transient heat conduction analysis previously described.

The feasibility of a L000° to U500°F surface temperature
was verified through the criteria of the thermal conductivity of the molten sil-
ica and the viscosity of the silica at temperatures above its melting point. An
initial approximation for the thickness of the molten layer was arrived at with
the following criteria:

1. The thermal conductivity of pure silica at
melting peoint of 3100°F is given as 2.97 x
Btu/in.-sec-°F. Indications are that it is
reasonably constant at values above this pocint.

2. The hot wall heat flux to a L4300°F surface for
conventional hypergolic propellants at Pe = 130
psi, a gas temperature of L4950°F, and a throat
diameter of approximately 3 inches would be
about 0.9 Btu/in,2=secg

Therefore

k [Tsurface - Twall(melting pointﬂ
Qw

i

éS(melt layer)

2.97 x 1072 (4300 - 3100) = 0,043 in.
0.9 ’
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From this approximate value, a molten boundary layer thick-
ness of 0.050 inch was assumed for an idealized flow model. For the purpose of
simplification, the 0.050-inch molten layer was divided into equal layers of
0.010-inch thickness with a linear temperature increment from the melting point
to U250°F. The simplified model is shown below along with a model scaled from
microphotographs of fired silica reinforced phenolic thrust chamber sections.

Idealized Model Realistic Model
Gas Surface L4o50°F Gas Flow Surface
Vel —»— 4OO0°F
3850°F - -
0.050 3600°F 0.045 LN
-]
—] 230°F 0.020 |
0.01 Yy Molten Interface 3100°F ‘ Molten Interface

Structurally intact silica
+ charred phenolic

It is interesting to note at this point that the molten
layer thickness of the chamber section is roughly the same as that calculailed
from heat transfer criteria. Equating the dynamic gas friction shear stress to
the viscous shear stress required to continuously deform a viscous fluid in one-
dimensional flow, yields

PR S ]

2
Where
V = Combustion gas velocity
= Combustion gas density

T = Dimensionless friction factor which is largely independent of surface
condition and Reynolds number when operating at high Reynolds numbers
(above 102) in turbulent flow. (A value of 0.015 is used.)

M = Viscosity of molten silica as a function of temperature

%% = One-dimensional velocity gradient in molten layer

:f = ©Shear stress

UNCLASSTFIED - -




TMC A6T3

THE *
%rquara’f

CORPORATION 6069

UNCLASSIFIED VAN NUYS, CALIFORNIA REPORT

First computing the dynamic gas shear stress, values of
0.06 psi in the chamber section and 0.9 psi in the throat section are obtained.
Using these values and the temperature dependent viscosity value taken at incre-
ments of 0.010 inch in the flow model, a velocity gradient can he solved for
each point. The relative velocities at each point integrated through simple sum-
mations are totaled to give the velocity of flow of the silica at the surface with
respect to the substrate material. Using this method, the movement of a particle
of molten silica at the surface assumed a velocity of 0.041 inch per second at the
throat and a value of 0.02 inch per seccnd in the chamber. A slightly different
flow model is shown in Figure 54. It must be pointed out at this time that the
above values are to be considered only to examine the feasibility of the initial
surface temperature assumption and as such would indicate that the assumption was
reasonable. Together with the correlation achieved with the heat sink analysis
with experimental data, it appears that surface temperature assumptions of LO00°
to US500°F with silica reinforced ablative materials can be amply Jjustified.

In order to use the viscous shear analogy to predict the
dimensional ablation rate of the molten layer, there is much yet to be learned
about the mode of removal of the silica melt. It has been cbserved in a labor-
atory experiment that very minute gas bubbles from the resin degradation process
effuse continually through the molten layer during pyrolysis of the sample. This
would indicate that the molten layer may be highly porous during the ablation
process. Postrun microphotographs also generally substantiate this factor. It
is not known whether the silica melt is lost to the gas stream when the minute
bubbles break or whether dimensional loss is caused by simple shear flow of the
molten media. The postrun liner condition might indicate, that because of surface
tension effects, the silica is able to lump into a node and flow through the
chamber much as a raindrop runs down a window pane. It may be generalized that
the surface removal rate is a function of both the viscosity and surface tension
of the silica melt, which are in turn temperature dependent. The viscous effect,
as described, may also be affected by porosity caused by gas evolution. The melt
layer thickness and surface temperature of the melt appear to be functions of gas
enthalpy and, of course, the dynamic shear forces are dependent upon the velocity
and density of the combustion gases.

The contribution offered by this simple shear flow analysis
was to establish upper temperature limits for the ablating silica-phenclic as con-
trolled by dynamic shear force-viscous property interaction. (The internal chem-
ical kinetics, if in contrcl, may limit the surface to a lower temperaturee) The
shortcomings of this model are that a heat balance cannot be affected at the
molten flow line-char base boundary using liquid phase ablation criteria only.
This is described in more depth for the chemical ablation model presented earlier.
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D. Heat Sink Design Studies

Combustion chamber and exit nozzle component temperatures may be
held below structural limits while heat is being conducted away from the surface
and absorbed in the chamber and nozzle walls. Promising heat sink materials are
those which have high heat capacity, high thermal conductivity, high structural
temperature limits, and compatibility with combustion gases. Possible candidates
would be pyrolytic graphite, isotropic graphite, tungsten, and beryllia.

The effect of heat sink geometry is shown graphically in Figure 55.
The effects of the wall thickness and nozzle radius on the surface temperature
rise of a typical graphite nozzle are shown in this plot which also shows two
striking facts:

1. For large radius nozzles, run times are not extended by
increasing the wall thickness beyond a certain value
(approximately 2 inches for the case shown).

2. For small radius nozzles with the same heat transfer co-
efficients, run times are not only longer for the same
wall thickness, but the allowable run times continue to
increase with increasing wall thickness to an optimum
well beyond the optimum for the larger nozzle.

Figures 56, 57, and 58 have been plotted to present graphically
the effect of heat transfer coefficient on the rate of surface temperature rise
of a given rocket nozzle heat sink configuration. For ihin walled {Re near 1.0)
nozzle inserts, the time to reach a given temperature is inversely proportional
to the heat transfer coefficient. But for thick walls (large values of Re ap-
proaching 10), the heating time is inversely proportional to the heat transfer
coefficient to a power greater than 2.0, thus making run time more sensitive to
a reduction in the heat transfer coefficient. This reduction in heat transfer
rate may possibly be achieved through the use of film cooling.

The effect of increasing the thermal conductivity of a heat sink,
as determined by Figures 56, 5T, and 58, is to increase the optimum wall thick-
ness and at the same time to increase the allowable run time. Tables V and VI
provide specific examples to illustrate the effect of variation of heat sink
thermal properties.

Figure 59 shows the effect of axial heat conduction and increasing
wall thickness on the transient temperature response of a graphite throat insert.
For this particular example, a 50 percent increase in run time is gained by in-
creasing the graphite wall thickness by 0.54 inch. Consideration of the effect
of axial heat conduction results in a T percent increase in run time to reach the
specified surface temperature.
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E. Film Cooling Studies

Film cooling calculations were made for several coolants and nozzle
configurations in order to provide a comparison of conventional film cooling anal-
ysis with the test program results. The analysis used the methods of References
9 and 10 with modifications in some cases to account for multiple slot film in-
jection. The analysls is based on the conventional assumptions that the wall is
adiabatic, that all effects of film cooling can be interpreted in terms of an
"adiabatic" wall temperature (Tj;) assumed identical to the local wall tempera-
ture, while the heat transfer coefficient is assumed to be unaffected by the film
cooling. Furthermore, the correlations used in the analysis were obtained from
tests of film cooling in cylinders, and the validity of their use in converging-
diverging nozzles is unknown. Several recent reports (References 11 and 12) des-
cribe gaseous film cooling of rocket nozzles, but no improved eqguation for film
cooling correlation has yet resulted. Nearly all film cooling calculations were
made for Og/Hg at 100 psia, an O/F ratio of 5, and a C¥ efficiency of 95 percent.
Coolant inlet temperature was always TO°F.

1. Two-Row Hole Pattern at Cp = 4:1

Two circumferential rows of holes near a contraction ratio of
L:1 were assumed to be drilled radially in the standard nozzle (Figure 5). In
one case, the total hole area used was that which gave optimum injection velocity
when cooling the exit station at Ae/A* = 1.5:1 to 1000°F, and then the coolant
requirements for other exit station temperatures were calculated using that fixed
area. The exit station is the hottest station according to the assumptions of
the analysis. ILater, additional calculations were made assuming that the hole
area was optimized at all flow rates. A comparison of film coolant requirements
for fixed or optimized hole areas for Hp, He, CHY, and Np is shown in Figure 60.
The exceptional cooling capability of the low molecular weight gases (Hp and He)
is evident. The optimization of hole area (i.e., compatibility of film exit ve-
locity vector with local stream velocity) is also important. Since the propellant
flow rate for the assumed nozzle is 0.53 pps, it is obvious that very large cool-
ant flow rates are indicated in order to use a conventional material such as steel.

2. Tangential Slot at Cp = 5.38:1

The nozzle contour used in the test program was identical to
that used in the film cooling and erosion program analyses except that the con-
traction side of the test nozzle contour was extended to a contraction ratio of
5.38. A second film cooling configuration, used extensively in the test program,
consisted of a circumferential slot injecting coolant tangentially to the nozzle
wall at C, = 5.38:1. An analysis of hydrogen cooling requirements for tangential
slot areas optimized at each flow rate for cooling the exit station gave very close
to the same results for Cpy = 5.38:1 as for the optimized radial holes at 4:1. The
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slightly increased length of nozzle to be cooled was evidently balanced by the
increased cooling effectiveness of the tangential injection. The flow rate is
shown in Figure 61, and the variation of the optimum slot width for tangential
injection at Cp = 5.38:1 is shown in Figure 62. The slot width used in the test
program was 0.035 + 0.003 inch.

3. Multislot Cooling

Film cooling calculations were made for radial injection of hy-
drogen in the multislot configuration on Figure 63. Two multislot nozzles were
tested using the design shown in Figure 63. Each nozzle was made of eleven l/h-
inch thick edge oriented pyrolytic graphite disks which had coolant slots machined
on one face. A typical disk with coolant slots is shown in Figure 64. The cool-
ant slots were staggered in a checkerboard fashion, so that the slots along any
nozzle flow path were separated by two disks (0.5 inch). This design provided
cooling efficiency intermediate between single slot cooling and transpiration cool-
ing. The transpiration condition could be more closely approached by closer axial
spacing of slots, first by having consecutive slots in every disk for a 0.25-inch
spacing, and then by using thinner pyrolytic graphite disks. The pyrolytic graph-
ite has a high thermal expansion during heating and may also shrink in permanent
axial length after a time due to variable lattice transformation, usually termed
"growth". The disks were successfully contained during motor tests by a Belleville
spring as shown in Figure 63.

The dimensions of the coolant slots were determined using an
analysis of compressible flow with friction and required op@imizing the related
requirements of injection efficiency, fabricability, and ccolant manifold pressure.

The analysis procedure for film cooling was modified to account
for the effect of upstream film cooling by using an "adiabatic wall temperature"”
(T.q) at any location which was the same as the wall (i.e., recovery) temperature
which would have been predicted at that location from the upstream cooling alone,
as discussed by Sellers in Reference 15. The maximum wall temperature anywhere
in the nozzle is at a point furthest downstream from a slot and just upstream from
the next slot. The hydrogen cooling requirements for various values of the maxi-
mum wall temperature are shown for each of the injection stations in Figure 65.
The numbering system for the slots is shown in Figure 63. Again, the motor condi-
tion was feor 02/H2 at 100 psia, an O/F ratio of 2.0, and a C¥* efficiency of 95
percent.

The total coolant for all of the slots is plotted in Figure 66,
where it is compared with the hydrogen cooling requirement for tangential injection
at 5.38:1 and for transpiration cooling. No coolant was used at Slots T and 8.

———
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1v, EXPERIMENTAL STUDIES

A, Test Program Objectives

The test program was conducted using gaseous oxygen/hydrogen pro-
pellants to provide test data in support of the following objectives:

1. Combined Film and Radiation Cooling

No experimental data were available for combined film and radi-
ation cooling of rocket nozzles. In fact, at the beginning of the program no
data were available for conventional gaseocus film cooling of nozzles, all previ-
ous data having been obtained for cylindrical combustion chamber sections. There-
fore, test data were required to evaluate combined film and radiation cooling of
nozzles and the effects of a converging-diverging nozzle. Another important ob-
Jjective was to determine the performance losses attributable to film cooling of
a rocket nozzle.

2. Inert and Reactive Gas Cooling of Graphite Nozzles

An experimental program was required to evaluate some of the
most promising cooling concepts which had evolved during the analytical portion
of the program. In particular, the following ideas were to be evaluated:

1. Multislot cooling of pyrolytic graphite nozzle

2. Transpiration cooling of porous graphite hozzle,
using inert and reactive coolant gases

3. Negative erosion (i.e., deposition) of graphite
nozzle cooled by methane

4, Single slot film cooling of graphite nozzle,
using inert and reactive coolants

B. Test Setup and Hardware

The tests were originally planned for use of an off the shelf in-
Jector and combustion chamber purchased from Astrosystems, Inc., together with
various cooled and uncooled exit nozzle designs produced by Marquardt. The nomi-
nal throat diameter for the tests was 1.25 inches. The nominal propellant flow
was 0.539 pps using gaseous Op/Hp at an O/F ratio of 5.0, and a nominal chamber
pressure of 100 psia. The Astrosystems water cooled combustion chamber sections
were assembled in building block fashion, and four chamber sections were used,
thus providing a total I* of about 64 inches.

UNCLASSIFTED - 55 -




THE *
%rquam’f

UNCLASSI FLL VAN NUYS, CALIFORNIA REPORT

TMC A6T3

During preliminary performance evaluation, the Astrosystems propel-
lant injector burned out. A new, interim, water cooled, single triplet injector
was made which had two hydrogen streams impinging on & center oxygen stream. This
injector did not overheat and it gave good performance. However, it produced un-
even heating in uncooled steel nozzles during short transient runs. A copper in-
jector design which had been successful on earlier Marquardt programs was then
fabricated. The copper injector, shown in Figure 67, is cooled by the propellant
gases and it gives good performance. However, a hot streak did occur due to a
poor oxygen inlet manifold design. The copper injector was used for the test pro-
gram however, due to the short time remaining.

A propellant flow diagram for the test setup is shown in Figure 68.
When inert gaseous film coolants were used, the film coolant flow was limited to
about a one second lead before ignition in order to avoid hard starts. The engine
was mounted with the axis in the horizontal plane (See Figure 69) hung on two flex-
ures. Thrust measurement required calibration to eliminate the effects of water
cooling lines, etc. The effect of film cocling on thrust efficiency was indicated
by the following relationship:

(Igp) test

T efficiency = x (100)
Sp
(Isp) theo
where
(Isp) test = Actual Ig, based on measured thrust and total of
coolant and propellant flow rates
(Isp) theo = Theoretical Isp at measured chamber pressure
assuming total test flow is Og/Hg at O/F = 5.0
A curve of theoretical ISp versus chamber pressﬁre is given in
Figure T0. -

The above definition of Igp efficiency obviously is not adequate
to precisely predict film cooling effects on large expansion ratic operation in
space, but it is useful for a quick approximation of the thrust penalties asso-
ciated with film cooling.

C. Description of Tests

A total of 59 test runs were made during the program. Test data
for the most important runs are summarized in Table VII.
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During the first 13 test runs, the Astrosystems injector burned out
and was replaced by a water cooled triplet injector, which was found to cause hot
streaks. A coating of Rokide Z had been put on the water cooled combustion cham-
ber sections to try to avoid a precoocled boundary layer at the approach to the
film cooled and uncooled nozzles. No analysis was made of the problem and it was
not considered mandatory to avoid the boundary layer cooling effect. It was also
planned to measure nozzle throat surface temperature by a pyrometer directed
through the motor exhaust toward the inside surface of the throat. This would
have been possible for the test nozzles which had an expansion ratio of 1.5, since
it was thought that the combustion products of Op/Ho would not interfere with the
pyrometer reading. However, the early test runs showed that the Rokide Z was slow-
ly flaking off and produced a bright orange flame which would prevent pyrometer
readings. Therefore, the Rokide Z coating was removed from the chamber sections
prior to Run 1k.

1. Uncooled Graphite Nozzles

Runs 14 through 19 were made with uncooled graphite nozzles.
Three nozzles were made of ATJ graphite and three were made of Graph-I-Tite G.
One nozzle of each type was instrumented with thermocouples as shown in Figure T1.
The thermocouples were installed to provide a check on the pyrometer readings of
inner wall temperature at the throat. The purpose of testing the graphite nozzles
was to determine the rate of erosion in the test nozzle, to provide a base for
comparison with film cooled nozzles, and also to determine whether convergent
portions of later cocled designs could be made of the molded graphites or whether
a more oxidation resistant material might be required.

The tests produced greater erosion rates than had been expected,
reaching about 4.0 mils/sec after 1 minute. Especially severe erosion occurred
in several hot spots in the convergent section. The ercsion at the throat was so
severe that the thermocouples nearest the inner wall burned out within 20 seconds,
and no further attempt was made to correlate thermocouple data with pyrometer
readings. The tests of the uncooled graphite nozzles showed that neither ATJ
graphite nor Graph-I-Tite G were suitable for use in the OQ/HE motor.

2. Film Cooled, Thick Steel Nozzle

Runs 20 through 235 were made with nitrogen and hydrogen film
cooling of a single injection slot steel nozzle {See Figure 72). The nozzle wall
was 0.15 inch thick and a coolant manifold was located at the nozzle entrance.

The coolant passed from the coolant manifold through 50 holes (visible in the
photograph) and it then was injected radially through a 0.040-inch slot between
the nozzle section and the adjacent water cooled chamber section, at a contraction
ratio of 5.38:1. The inner contour of this and all other test nozzles was as
shown in Figure 5. A leak in the coolant system was not discovered until Run 23
with gaseous hydrogen, during which escaping hydrogen caused a fire around the
test stand.
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Run 24 was made with the single slot nozzle cooled with a hydro-
gen coolant flow of 0.098 pps and a propellant flow of 0.534 pps. Melting of the
steel nozzle surface occurred along hot spots in the contraction region. Tran-
sient wall temperatures and thermocouple locations on the steel nozzle are shown
in Figure 73. The hot spots were evidently between the thermocouples because the
highest recorded temperature was only about 1100°F. The melt patterns shown in
Figure T4 indicate some unexplained heating pattern causing melting at the injec~
tion slot where the lowest wall temperatures would be predicted. DPossible explan-
ations include burning of excess oxygen, or delayed start of film cooling of about
1.6 seconds. In any case, no further single slot film cooling with hydrogen was
attempted during the program in order to assure that the test hardware would not
be burned out by a repetition of this unexplained phenomenon. It is interesting
to note that the Ig, efficiency during Run 24 was increased from 95 percent to
100 percent (See Figure 81), possibly due to burning of oxygen with the hydrogen
film.

The copper injector (Figure 67) became available after Run 2L,
and Runs 24 to 29 were short runs with an uncooled steel nozzle (wall thickness
of 0.15 inch) to determine the heating rate distribution with the copper injector.
The Iy, efficiency during these runs averaged about 94 percent. The nozzle was
rotated one bolt hole after each run. The heating rate was found to be more uni-
form than when using the single triplet injector, but hot spots still existed. No
time remained for injector rework, so the copper injector was used for the rest
of the test program.

Runs 30 through 33 were made using the single slot steel nozzle
with helium film cooling, which was varied for each run. Nozzle burn out at the
throat occurred during Run 33 with a helium flow rate of 0.06 pps. The recorded
nozzle temperatures are tabulated in Table VIII, and the locations of the thermo-
couples are shown in Figure 75. It may be noted from the tabulated data that a
hot spot existed near Thermocouple No. 6 at the throat.

Runs 34 through 39 were made with a thick (0.15-inch) wall
steel nozzle cooled by tangential helium injection (the film injection section
is shown in Figure T6) of about 0.1 pps. The nozzle was rotated one bolt hole
after Runs 35 through 37. After run 38 the tangential film coolant injector was
rotated 180°. The purpose of these tests was to obtain the temperature distribu-
tion with film cooling, and it was concluded that the uneven distribution was due
to the main injector rather than to the film cooling injector.

5. Film Cooled, Thin Steel Nozzle

A thin wall (0.060-inch) 347 stainless steel nozzle of the shand-
ard test nozzle contour was used for the final film cooling tests. The surface
was oxidized to produce a coating with an estimated emissivity of 0.9. The film

was injected tangentially at C, = 5.38:1 through the film cooling manifold shown
in Figure 76.
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Runs 43 and L4 were made using helium coolant at various flow
rates. The steel nozzle burned out during Run 44 using 0.0393 pps of helium flow.
The recorded temperatures are tabulated in Table IX and the locations of the therm-
ocouples are shown in Figure T7. Again several hot spots were evident.

Methane was used as a tangentially injected film with another
thin steel nozzle during Run 58, using 0.209 pps of coolant. The tangential film
cooling injector burned out after 6 seconds because the water cooling was not
turned on, but some useful data were obtained. These are tabulated in Table IX.

L. PFilm Cooled Molybdenum Nozzle

A molybdenum nozzle with a wall thickness of 0.10 inch was made
using the standard test nozzle contour. The molybdenum was coated with molybdenum
disilicide by the Chromizing Corporation.

Run 47 was made with various amounts of helium cooling using
tangential injection (as shown in Figure 76) and the maximum temperature (near the
Thermocouple No. 2 location) was about 2900°F using a helium flow rate of 0.0241
pps. The maximum nozzle temperature as indicated by pyrometer readings after a
correction for an emissivity of 0.65 for various coolant flow rates is shown in
Table X. One combustion chamber section burned out at the cutoff point. It is
believed that the burnout was caused by poor water distribution as a result of un-
equal water discharge pressure. The high engine performance, approaching 100 per-
cent, may have been caused by addition of leaking water to the combustion chamber
through a gradually enlarging burnout spot, although this does not appear likely
after a detailed study of all test data. On the other hand, the very high perform-
ance with small helium flow must be considered questionable.

Two more combustion chamber sections were burned out during the
following run due to cooling water distribution problems.

5. Uncooled Thin Steel Nozzle

An uncooled thin steel nozzle was tested during Run 51 to obtain
data on heating rates at various locations in the nozzle which were then used to
predict a radiation cooled steady state temperature of 3940°F at the hottest spot
(Thermocouple No. 2) and an average nozzle temperature of 3TLO°F. Some of the
transient temperature histories are shown in Figure 78.

6. Summary of Radiation/Film Cooling Tests

The variation of analytical and experimental nozzle temperatures
with coolant flow rate is plotted in Figure 79 for helium cooling and in Figure 80
for hydrogen cooling. Tt is seen that a large decrease of equilibrium nozzle tem-
peratures can be achieved by a rather small amount of film cooling. However, the
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limited film cooling data shown indicate that helium is about as good as hydrogen
as a film coolant on an equal weight flow basis, instead of being inferior by a
3:1 weight flow ratio as was predicted analytically. This again raises the pos-
sibility of burning oxygen in the hydrogen film.

The effect on thrust of film cooling with Hy, He, and CH) is
summarized in Figure 81. The data show that methane cooling may incur a rather
large loss in performance, whereas small amounts of helium can be used with no
loss of performance. In fact, some of the data for helium show an increase above
the performance without cooling. Only one data point for hydrogen cooling is
available from Run 24, and it shows a rather surprising result in that no loss in
ISp was indicated.

T. Film Cooled Graphite Nozzles

Two Graph-I-Tite G nozzles of the same design as those tested
earlier (Figure T1l) were cooled by tangentially injected gaseous film, at the
beginning of the 5.38:1 contraction.

Runs 45 and 46 were made with the same nozzle using helium. The
duration of Run 45 was 60 seconds and no erosion was evident. The helium flow
rate was 0.04L49 pps. The duration of Run 46 was 143 seconds and the helium flow
rate was 0.0361 pps. The throat ercsion is shown in Figure 82. The erosion per-
formance data are shown in Figure 83. The temperature data for Run 45 (Figure 8.4)
show that the throat temperature was only about 2000°F after 60 seconds. Steady
state temperatures of about 3300°F at the throat were reached after about 100 sec-
onds during Run 46. The high erosion rate of Graph-I-Tite G is again evident,
even at intermediate temperatures with inert film cocoling.

The second Graph-I-Tite G nozzle was cooled with about 0.021 pps
of methane during Run 49 (60 seconds) and Run 50 (180 seconds). Only slight
throat erosion was measured after Run 49, but severe local erosion was observed
after Run 50 in the hot spots and zero erosion was measured in other parts of the
nozzle where the film did not break down (See Figure 85).

Methane is clearly superior to helium in reducing graphite ero-
sion, since the erosion during Run 50 was less than during Run 46, although the
methane flow rate was only about 60 percent of the helium flow rate, and the run
time with methane was 180 seconds, as compared to only 143 seconds with helium.
However, the loss in specific impulse is much greater with methane, as shown in
Figure 81.

8. Single Slot Cooling of Pyrolytic Graphite Nozzles

An edge oriented pyrolytic graphite nozzle (shown in Figure 63)
was tested with injection of methane through slots machined on one face of one
pyrolytic graphite disk at Slot 3, about 5/8 inch upstream from the throat. The
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single slot was a somewhat different design from that used for the later multislot
tests. It extended continuously arcund half the circumference of the nozzle, so
that half of the nozzle throat was cooled and the opposite half was uncooled. The
initial methane flow during Run 40 started at a rate of 0.00864 pps and gradually
decreased to 0.003 pps after 60 seconds, due probably to clogging of the single
slot inlet by pyrclysis of methane in the coolant manifold. There was zero erosion
in the cooled side of the throat and slight erosion on the uncooled side near one
of the hot spots after Run 40. The steel retaining ring of the multislot design
disrupted the exhaust expansion and caused anomalous thrust readings.

The single slot cooled nozzle was again tested during Run 42,
with methane coolant flow varying from 0.00475 pps at the start to 0.00133 pps at
the end of the 168 second run. Again, the decreased flow was due to slot restric-
tion. ©Slight amounts of methane seeped between the forward pyrolytic graphite
disks during these runs and resulted in what appeared to be deposits of pyrolytic
graphite on the contraction region of the nozzle as shown in Figure 86. No ero-
sion occurred on the upper half’' of the nozzle which was film cooled. However,
noticeable erosion occurred on the uncooled half.

Run 41 was made to confirm that the very low thrust during the
previous test of the multislot nozzle was due to the effect of the spring loaded
backup ring which disrupted the gas. expansion, rather than to any coolant effect.
However, it is not thought that the performance effect of coolants in the multi-
slot nozzle is correctly assessed even by comparison with the uncooled performance
from Run 41.

9. Multislot Cooled Pyrolytic Graphite Nozzle

a. Methane Cooling

A multislot pyrolytic graphite nozzle (shown in Figure 63)
was tested using 0.0209 pps of methane cooling injected through all of the slots
(no slots at 7 and 8). Run 52 was terminated after 15 seconds because of inade-
quate hydrogen propellant flow. Run 53 was 180 seconds in duration. Only a
slight amount of localized erosion was oObserved at the nozzle inlet. There was
no erosion at the throat. The contraction region had carbon deposits on it which
appeared to be pyrolytic graphite as shown in Figure 87. Much less clogging of
the slots by carbon occurred during Run 53 than had occurred during the single
slot Runs 40 and 42, indicating that clogging of the coolant slots can probably
be controlled by minimizing the stay time of the methane in the coolant manifold.

b. Hydrogen Cooling

A second multislot pyrolytic graphite nozzle was tested
during Run 56 for 170 seconds with a hydrogen cooling flow rate of 0.00635 pps,
which is only 1.18 percent of propellant flow. No erosion was evident and in fact
the nozzle looked as though it had not been tested at all. The throat diameter
after the run was measured as 1.240 inches, indicating a decrease from the originall
1.248 nominal diameter, possible due to annealing effects on the pyrolytic graphite.
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¢. Carbon Monoxide Cooling

The same multislot pyrolytic graphite nozzle that had been
tested with hydrogen cooling (Run 56) was later tested for 270 seconds using
0.0211 pps of carbon monoxide as coolant. The throat erocsion was 0.006 inch. The
contraction region had a polished surface (See Figure 88) which was perhaps due
to flame polishing or, less probably, deposition of carbon. However, the appear-
ance of the surface was different than the surface after cooling with CHj.

10. Transpiration Cooled Porous Graphite Nozzle Insert

One test was made using 0.00029 pps of helium transpiring
through a nozzle insert of Spear 3499S porous graphite. This flow rate was more
than sufficient to cool the inside graphite surface to 3000°F according to the
theoretical analysis of thermochemical erosion. The nozzle throat insert replaced
three of the pyrolytic graphite disks, centered about the throat, and the insert
radial thickness was about 0.5 inch. At the end of the 67 second run, the porous
insert had eroded well below the adjacent uncooled pyrolytic graphite disks, show-
ing that the inherently poor oxidation resistance of the porous graphite more than
offset the helium cooling. It was concluded that in nozzles in which the erosion
is limited by surface reaction rates, it is very important to use pyrolytic graph-
ite rather than commercial graphites, and that the difference between the two
graphites cannot easily be overcome by film or transpiration cooling.
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V. CONCLUSIONS AND RECOMMENDATIONS

A most promising thrust chamber cooling concept for rocket engines
using high energy propellants is the use of multislot film cooled pyrolytic graph-
ite. This concept, which can approach pure transpiration cooling in efficiency,
also takes advantage of all of the high temperature capability of the pyrolytic
materials.

The analytical chemical erosion studies have revealed several im-
portant thermodynamic concepts which should affect all future analyses of the
performance of refractory materials in a rocket engine combustion environment.
These include: (1) the fact that chemical erosion rates for many cases are con-
trolled by the kinetics of the reactims involved, (2) the fact that reactive com-
bustion gas species concentrations at the nozzle wall are not altered greatly by
the introduction of inert coolants in amounts required for cooling, and (3) a fav-
orable chemical environment at the wall can be maintained over carbon by the intro-
duction of a hydrocarbon gas such as methane.

The most effective gaseous film coolant is hydrogen followed by
helium and the other gases approximately in order of their molecular weight.

Analytical and experimental silica-phenolic ablation studies have
provided evidence that internal endothermic chemical reactions between silica and
carbon may well control the ablation performance of this type of material in a

liguid rocket thrust chamber.

An analytical technique for optimizing the design of rocket nozzle
heat sink geometries has been developed.

The analytical chemical erosion program developed under this con-
tract has provided a rational approach to further studies of the performance of
cooled and uncooled refractory materials in the rocket combustion environment.

Based on the results of this program, it is recommended that the
thermochemical erosion studies be extended to include new nozzle materials, addi-
tional combustion product species, and the effects of transient heat conduction.
Studies should also be undertaken to provide additional reactiocn kinetics data,
especially for the high energy propellant systems which include fluorine.

Theoretical and experimental studies should be pursued to apply
these advanced cooling concepts and materials to the more severe, higher tem-
perature rocket systems in order to evaluate the design problems associated with
using new propellants for long runs, with throttling, or for intermittent opera-
tion.
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TABLE I

COOLANTS INERT TO GRAPHITE AT 6000°R AND 100 psia

(Reactant Products < 1% Mole Fraction)

Coolant

Major Compounds Formed with Graphite

N,

co

CO C1

CN, CoN,

MAC A7

~_ UNCIASSIFIFD
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TABLE II

COOLANTS WHICH DECOMPOSE OR REACT WITH GRAPHITE AT 6000°R AND 100 psia

Coolant

Temperature at Which
Products Exceed 1%

(°R)

Ma jor Compounds
Formed with Graphite

HC1
HF
HT
Hy
CSo
02H2
CHM

CFu

Hp0 ¥

5800
5160
© 5000
Almost all
2600
5200
3500 -
2600

Collp

CoFp, Colly, CoH

Colly, CoH

CHy, CoHy, CoH

cs

CoH

CoHp, CpHy, CHs, CoH
CoFp, CF3, CFp

*  Not cryogenically storable
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TABLE V

EVALUATION OF HEAT SINK CAPABILITY OF MATERTIALS FOR NOZZLE INSERT
WITH INNER RADIUS (r;) OF 0.345 inches
AND HEAT TRANSFER COEFFICIENT (h) OF 800 Btu/ft2 hr°F
AT THE INNER SURFACE

Material Thermal Conductivity, k | Thermal Diffusivity,¥| h r;
(Btu/hr ft°F) (ft2/hr) -
Graphite 40. 1.039 0.575
Pyrolytic Graphite 1L0. 2.555 0.164
Tungsten 60. 1.547 0.383
Beryllia 24.2 0.2682 0.95
Time (t) for i rface t h (T5-To) 0.5
ime Oor 1lnner surrace O reach - = .
(Tg—TbS
. _ Exterior radius _ 1.185 A B
With Ry = === = o3 (From Figure 59) = 3.4k
4.7 2 / — - e e\
Material ARt/ry \From Figure J7) €
(seconds)
Graphite 4.6 13.7
Pyrolytic Graphite 20.5 2k,
Tungsten 8. 15.
Beryllia 1.7 18.9
(Tg-T,)
Time for inner surface to reach ZET—E—T = 0.5
g_ (o]

With optimum Ry or Re = 10 if optimum not reached

Material Kt /ri° t Optimum R,
(seconds)
Graphite 10. 29. Approximately 10.
Pyrolytic Graphite 195. 227 . Greater than 10.
Tungsten ho, 81. Greater than 10.
Beryllia 1.75 19.4 I

TMC A3
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TABLE VI

EVALUATION OF HEAT SINK CAPABILITY OF MATERIALS FOR NOZZLE
WITH INNER RADIUS (ri) OF 2 inches
AND HEAT TRANSFER COEFFICIENT (h) OF 800 Btu/ft2 hr°F
AT THE INNER SURFACE

Time (t) for inner surface to reach (Ts-To) = 0.5
zTg-T05

) . Exterior radius
With optimum Re (Re = Inner radius )

ot

Material K X (ft2/hr) | h ry — N Opt imum

(Btu/nr £t°F) Ty R

K (From Figure 57) | (seconds)

Graphite 40. 1.039 3.33 0.07 7. 1.67
Pyrolytic 1L0. 2.555 0.952 1.75 68. 4.
Graphite
Tungsten 60. 1.547 2.22 0.19 12. 2.
Beryllia 2.2 0.2682 5.51 0.024 9. 1.43
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TABLE X

NOZZLE TEMPERATURES FOR RUN 47T
HELIUM COOLED MOLYBDENUM NOZZLE
TEMPERATURE NEAR THROAT, PYROMETER RECORDED

UNCLASSTFTED

Run Maximum Nozzle Helium
No. Temperature Flow Rate

(°F) (pps)
4Ta 2210 0.039
4Tb 2385 0.03L45
4Te 2555 0.0293
hra 2780 0.0267
LTe 2905 0.0241
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UNCL ASS | F| El VAN NUYS, CALIFORNIA REPORT, 6069
MODEL FOR THERMOCHEMICAL EROSION ANALYSIS
B
COMBUSTION GAS FLowW (Gg & P)
B
MASS
e ( OF GAS SPECIES TRANSFER TO WAL
(+N.) TO WALL (-Ni) = h (Tg - Tw) ;
1 /— w

// // ' CONDUCT 10N HE'AT’/
TRANSFER INTO
WALL (Q,)
TRANSP IRED /// ///
COOLANT GAS
FLOW (G_)

1. MATERIAL IS UNIFORMLY POROUS GRAPHITE WALL
2. ALL CHEMICAL REACTIONS OCCUR AT GAS-SOLID INTERFACE
3. CONDUCTION HEAT TRANSFER IS ZERO OR CONSTANT VALUE

///

ASSUMPTIONS :

278-153 UNCLASSIFIED - 83 - FIGURE L
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HEAT FLUX TO NOZZLE THROAT WITH HIGH PERFORMANCE
LIQUID PROPELLANTS
20 T - ! 1R | !
: ERAERIRREE ]

10

Sl i
[
B EEDR
T
|
i

(8]
8 BN EEES Y U O I R A
t I . 1
N
g 1.0 =
£ CXEFF = 1004
gg Lo D= 2.0 in. =22
' —= P_ = 100 psia ==
x = =S Ess
3 R R
[
— PROPELLANT o/F COMBUSTION
< COMBINATION TEMPERATURE
T (F)
0,/H, 5 5128
F2/H2 12 6833
- OF . /CH 5 6748
0.10 2z b
. OF ,/MMH 2.6 6690
0F2/H2 7 5788
OF ,/B,H¢ L 7035
P7000 7000
P8500 8500 ; 7
T
1000 2000 3000 4000 7000
WALL TEMPERATURE - °F
FIGURE 2
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HEAT FLUX TO NOZZLE THROAT WITH
HIGH PERFORMANCE LIQUID PROPELLANTS

200 f————T———T— S
P ‘}f"P7°°°g g ‘ Py EREREE
LT s T SRR RN R LR R
‘tﬁ/\*ﬁ-”“‘“l“l'!‘ e
100 -~ : _;;‘ " e L Lot . e I j
B e — . ' R
or e | TS
72 2N I RN

OF,/CH, [T B S

HE . .
P ! :

i
: ‘ T
EEEE BRI EE R
! 1

i

Pt

- CXEFF = 100%
D* = 2,0 in.
Po = 3000 psia

F P pa LS

] T LZT\
- | ?-*:ii:i»-:j';;!;i_'w;;;f‘,/f!,j:I\"i
ST PROPELLANT o/F COMBUSTION | " F /H, =" ¥
L]l coMBINATION TEMPERATURE | _ 1 = O T T AN
i ( F) i NN RN : ‘
NS 02/H2 5 5629 o :;‘: N j';j
B F/H, 12 8116 N
T OF ,/CH,, 5 7993 T
g OF , /MHH 2.6 7914 | |

“ OF ,/H, 7 6675

OF ,/B,H L 8496 e — +

-
Qo

HEAT FLUX - Btu/in.2-sec
|

et D
= -
i
SUUIE L B

1.0

= P7000 7000 AERES RENn EaEas EE R
P8500 8500 NS AP A NS MR B
U T A IR S O A O DO - SN A UL S L ‘ s i R RN {

0 1000 2000 3000 4000 5000 6000 7000

WALL TEMPERATURE - °F
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FLOW DIAGRAM FOR THERMOCHEMICAL EROSION ANALYSIS
SOLVE THE FOLLOWING GROUP OF EQUATIONS
FOR SIMULTANEOUS SOLUTIONS
INITIAL 'F_OPTION | IS - O
VALUES v/ WALL TEMR CONSTANT = (*w L of b+ B
T O CALCULATE WALL TEMP o= i = ?( Z ) P
oD% -l SAME AS O, PRINT OUT ITERATIONS w
k= %Cm
= (P
T, PR
INPUT DATA ey ¢ \ HT&/
8H
Ay~ uﬁ
Ke= e A
KCBICAB- n%
E| —
~ Rl Ro P
r =ge _%20- —K—qz]
E; -
-7 %.5
R e Riz - K]
NO L Kep
B
(<% 4 R
’3 = 3 -
-
b e
For =k +6G
8=+
[
'Y
= E
K=ke
& 2‘1\«' ":(’(Hzo)q -h + GCG'HzO)c
YE HAS FINAL G W= K+F
sTOP BEEN EXCEEDED ( _ ﬁ(x(_&q + 0+ G&"CQ)L
c = & +F
Moy + R Gdxeng
e w bon, = T
FET T+ 2w -] bl RXC2Ha)y -:—.5r3 + X)),
NO Kk +F
_ '.(tz)q +F -2p -5 + G((XHZ)C
(’H?')w h 0'( + F
[ T Ginert6),, = r(xi"?"'f’)a.: : FGC("imffﬁ)c
2__ LI
Rtinert7)y +  Gclkinert 7).
= N inert Dw = —
hTq+ Gel{Tp)eTe — n&H; — roAHs — radH=—
Tw, = q* B¢ ple’c — 18T — Tp0F2  38F3 k */x: . ]
l h + Gel(Tp) (inertew = KX'M"S)Q. +_&ltinens
kK +F
- o= !
(to= §(x.c,1); R
FIND Q,_FOR 1 - h fn""{éjégg - T
k W, SET Tw,zT, = hge™im 9 1
Wz W
N 9 | PTION 15
= E&ilgMi 1 i€ 0 ]
= (xwh; -1 ]+
l__"—r PRINT RESULTS ]
oll

TMC A673
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STANDARD NOZZLE GEOMETRY - 1.25-inch THROAT DIAMETER

A _ 1.25 1.25
A% =938 4 2515 1.0 1.5
ST
) \
—
|
i |
2.900 Lo 1.25 1.53
!
125 ﬁlso
I B '
' f 1
30( ! :
STANDARD 1
— CONF IGURATION
FOR ANALYSIS
STANDARD
CONF IGURATION
FOR TEST
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THRUST CHAMBER SECTIONS USED IN ANALYSIS
AC/Ag
LOCATION SECTION —yr
D, = 0.6 (D, =1.25|0D =3.0|D =6.
COMBUST 10N
CHAMBER 0 9.0 5.1 2.83 1.33
% 1 0.92 0.92 0.92 0.92
2 1.01 1.01 1.01 1.01
NOZZLE 3 0.36 0.36 0.36 0.36
L 3.02 3.02 3.02 3.02
Y 5 0.68 0.68 0.68 0.68
BELL 6 1.95 2.5 2.06 2.5
| |
| l |
| oL L] |
SECTION: O | 1 | 2 13 I 5| 6 |
- L i | l - | | L
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EROSION RATE PROFILE FOR AN UNCOOLED
PYROLYTIC GRAPHITE NOZZLE

P0 = 100 psia
9000
P8500
8000 —
o
w P7000
@ 7000 e
o v
&
L
o /
=
o
Lt 6000
-
<
= 0./
2'"2
o~
5000 =
4000
4 2 0 2 4 6
6.0
g /
<
0
E 4.0 /
1
w
E // gt
P7000
3 Lo y \ /[
3 - P8500
= /
0 i S |
4 2 0 2 4 6

A/A, EXPANSION —
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VARIATION OF TEMPERATURE WITH TIME FOR SLOTTED STEEL NOZZLE
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THERMOCOUPLE LOCATIONS FOR RUNS 30 70 33
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VARIATION OF ANALYTICAL AND EXPERIMENTAL NOZZLE TEMPERATURES
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APPENDIX A
SUMMARY OF NOMENCLATURE
Symbol Description Units
Ao 3 Constants defined by Equations (10), (11), (12)
) b
cy, 2, 3 Constants defined by Equations (4), (5), (6)
Cp; Specific heat of ith species
cp Specific heat
Ep Average specific heat
Cm Mass transfer multiple
Dy Throat diameter
E Activation energies defined by Equations (4), Btu/1lb-mole
1, 2, 3 ,
(5), (6)
f Friction factor
F Bulk convection rate defined by Equation (13d) lb-mole/ing-sec
G Mass flow rate
h Convective heat transfer coefficient, corrected
for mass transfer effect Btu/in®-sec-°F
hg Uncorrected convective heat transfer coefficient Btu/inz-sec-°F
ZX}H_ P, % Heat of reaction of reactions 1, 2, 3
bl 2
k Thermal conductivity
k Mass transfer coefficient 1b-mole/in2-sec
k Mass transfer coefficient corrected for mass
transfer effect 1b-mole/in2-sec
Ke Equilibrium constants defined by Equations (7),
1, 2, 3
(8), (9)
L Efficiency factor for temperature rise of trans-
piration coolant from inlet to wall temperature
I* Characteristic length inches

=1

Molecular weight of stream + molecular weight
at wall

e ————
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APPENDIX A (Continued)

Symbol Description Units

Ny Mass transfer rate of ith species 1b-mole/inc-sec

P Pressure atms

Py Partial pressure of ith species atms

Qe Conduction into wall v Btu/ine-sec

r, 2,3 Reaction rates of reactions 1, 2, 3 lb-mole/ine-sec

Te Outside radius

ri Inside radius

R Universal gas constant, 1.987 Btu/lb-mole-°R

Re Radius ratio, re/ri

Stg Stanton Number

t Time

T Temperature °R

v Combustion gas velocity

Xy Mole fraction of ith species

y Erosion rate mils/sec

Z Mass flow rate 1b/sec

X Thermal diffusivity

e Mass transfer correction factor defined by

Equation (14)

Viscosity

Density of graphite wall
Density of combustion gas

Shear stress

w A4 0 0D =

Mass transfer correction factor defined in
Equation (16)
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APPENDIX B

REACTION PHENOMENA AND KINETICS OF SOLID-GAS REACTIONS

B-I. SOLID GAS REACTIONS

A. General Discussion

When a gas and solid react, either gaseous or solid products (or
both) are formed. Reactions involving solid products have been ignored in this
first analytical treatment although it may be necessary to include them later.
Where the products are gaseous, several gross steps are involved in the overall
chemical attack:

1. Transfer of the reactants to the surface
2. Reaction at the surface
5. Transfer of the products from the surface

L. Transfer of the energy involved in the reaction to or
from the surface

Each of these gross steps represents a resistance to the erosion,
and under ccome conditions may be much slower than the other steps, thereby be-
coming the rate limiting step of the overall chemical erovsion process. Further-
more, the overall reaction may possibly be described by a number of different
models such as the following:

Model I - The solid sublimes and reacts in the vapor phase.
Either the sublimation or the vapor reaction could
be the rate limiting step.

Model IT - A reactant molecule collides with an active site
on the solid surface forming a chemisorbed product
which is then desorbed. Either the impact (colli-
sion) step or the desorption step could be rate
limiting.

Model IIT - The reacting gas is chemisorbed on the surface and
then reacts with an adjacent site, or sites, to
form chemisorbed products which are then desorbed.
At least one site for each molecule of reactants
and products will be involved. Any of the steps
mentioned (i.e., chemisorption, surface reaction,
or desorption) might be rate limiting.

TMC A67?
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APPENDIX B (Continued)

The following definitions are useful in understanding the above des-
criptions of the reaction models:

1. Adsorption - Attachment of molecules of a fluid to a solid
surface

a. Physical Adsorption

Weak forces between solid surface molecules and fluid
molecules, similar to condensation. Amount adsorbed
decreases rapidly with increased temperature.

b. Chemiscrption

Strong forces similar to valence bonds between adsorbed
fluid molecules and solid surface molecules. More im-
portant at higher temperatures then physical adsorption.

2. Desorption - Separation of molecules of a fluid from a solid
surface involving breaking of adsorption bonds.

In addition, if a gaseous reactant is polyatomic, it may decompose
in the gaseous phase and each of its decomposition products may react with the
solid by one of the models just described. Thus, in any single system, chemical
erosion may take place simultaneously by more than one model. Fortunately, one
model is often dominant and an approximate solution can be obtained by consider-
ing a single step of that model as rate controlling.

If the reaction can be characterized by some limiting step in the
model, a much simpler expression can be written for the reaction rate. Take for
example the general equation

c ¢(s) +a A(g) __ r R(g) + s 5(e) (B-1)

Rate expressions developed for this general reaction can be readily modified for
reactions with two like product molecules or only one product molecule. Rate
expressions for the above reaction resulting from several of the abovementioned
models are developed below in the manner of Hougen and Watson (Reference 8),
assuming that specie C is solid and species A, R and S are gaseous.
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APPENDIX B (Continued)

B. Model I -- Sublimation Mechanism

1. Rate Limited by Homogeneous Reaction Step

The sublimation mechanism is possible even though the vapor pres-
sure of the solid is very low. If the homogeneous (gas phase) reaction is the
slowest step and mass transfer effects are not important (i.e., very fast), the
overall reaction rate will be controlled by the rate of sublimation which is
necessary to keep the gas saturated with the vapor of the solid wall. Therefore,
the overall reaction rate will be proportional to the volume of gas flow per
unit area of soclid and the vapor pressure of the solid. Thus

r=ci§rs;’—s=ci(—l‘§£—)§%’g (B-2)

Where

r = Reaction rate, moles of sclid per unit area per unit time

Cy = Constants, where 1 =1, 2, 3, 4, = = = n

§s = Average mole fraction of sublimed solid in gas phase

v = Volumetric flow rate, unit volume per unit time

Ag = Area of solid

PT = Total pressure

(vp)S = Vapor pressure of solid at temperature of solid surface

If the vapor pressure is found by the Clausius-Clapeyron equation,

(_ AHsub)
RTW
(Vp)s = Cge (B-B)
the reaction rate can be written as
- Ay
( Sub)
RT
C v v (B-4)
r = e -~
> Pp Ag
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APPENDIX B (Continued)

Where
ZSH = Molal heat of sublimation
sub
Tw = Absolute temperature of the surface
R = Universal gas constant

Important observations about this equation are that the rate of
total mass depletion of a solid is independent of its area and is directly pro-
portional to the volumetric flow rate. The same interpretation expressed dif-~
ferently is that the erosion rate in depth per unit time is (for a given volume
of gas) inversely proportional to the exposed area.

2. Rate Limited by Sublimation Step

If the rate of the sublimation step is controlling and mass
transfer rates are fast, thermochemical equilibrium between the sublimed solid

and the combustion gas may be assumed in the gas phase. The rate of the forward
reaction is then expressed as

aW(R) . aW(S)

r = kgo - k'ge ay(C) = kgo - K'ge (8-5)
Kg 2, (4)
Where
ksc’ k'sc = Velocity constants for sublimation and condensation,
respectively, of the solid (C(s) in Equation (B-1) )
ay(A), ay(R) = Activities in the gas phase at the wall (interface)
of components A, R, etc.
Kg = Gas=-phase-reaction equilibrium constant
a_(R) - a (8)
Kg = — ¥ (B-6)

2(C) - ()
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APPENDIX B (Continued)

In an ideal or near ideal system where the activities can be
represented by the partial pressures, Py(A), Py(R), etc., of the gaseous com-
ponents at the wall (interface), then

P(R) * P(8)

Kg PW(A)

(B-7)

- o Rt
r = Kgo - klge

When equilibrium between the solid and gas exists, r = 0, and ay(C) = (vp)g =
ksc/k'sc (for ideal gas). Thus

P.(R) * B.(8)

r = kg -
KgPy(A) + (vD)g
_ AH:stu'b
TR L, P (R) + P (8)
r = C,e 1- (B-8)
5 K B {a) ¢ {vp)
L. g w' \VP,§J
Where
ZXngb = Molal activation energy of sublimation

An important observation of this mechanism is that it indicates
a zero order initial reaction (i.e., no products present) with respect to the
gaseous reactant. That is, the initial reaction rate is independent of the reac-
tant partial pressures. Y

C. Model II -- Tmpact Mechanism

If the reaction takes place by collision between gaseous reactant
molecules and active sites on the solid surface, the forward reaction rate will
be proportional to the activity (or partial pressure for ideal systems) of the
reactant and the number of vacant (i.e., available) reactive sites on the surface.
The reverse reaction will be propcortional to the concentratiocns of adsorbed pro-
duct molecules on the surface, and the net reaction rate can be written as
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= . - k! -
r = kP _(A) * cy - k'cpeg (B-9)
Where
Crs Cg = Concentration of adsorbed R, S molecules per unit area
k, k' = Velocity constants of forward and reverse reactions,
respectively
Cy = Concentration of vacant reactive sites per unit area
At equilibrium, r = O, and
k °R s
= ———— = K'_ (B-10)
So that
c, C
r = k|P(A) *c, - 25 (B-11)
w v K'e

where K'e = Surface reaction equilibrium constant.

1. Rate Limited by Impact-Surface Reaction

If the impact-surface reaction is the limiting step, the concen-
trations of R and S on the surface can be approximated by adsorption-equilibrium
values between the available sites on the surface and the gas at the surface, or

It
]
=
+d
£}
0
<

(B-12)

and

cg = Kgg Py(8) cy (B-13)
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Where K R, Kog = Adsorption equilibrium constants for R and S, respectively.
Now
CV = L - (CR + CS + CI 5 s s s ) (B-l)'l')
Where
L = Total available sites per unit surface area
cr = Sites occupied by inerts
Then
cy = L - cylKgg By(R) + Kug Pu(S) + Koy B(I) + . . . .)
Where KaI = Adsorption equilibrium constants for inerts I, and
ey = 2 (8-15)
\ (1 + K.p P(R) + Koq B (S) + KB (1) + o o )
Therefore
P(A) * L
r = k )
(1 +Kgg P(R) + Ko P(S) + Kgp B (D) + . .
12 (K., K. o P(R) * P(8)
aR "aS "w W
K'e (1 + KgP.(R) + K¢ P(8) + K 1 B(T) + . .)
Or
r o= kL P (A) CVKaRKaSPw(R)PW(S)
= v -
KI
(1 + KaRPW(R) + KaSPW(S) + KaIPw(I) + . o

—

(B-16)

UNCLASSIFIED - 179 -




TMC A3

%rqggﬁrg’/

UNCLASSIFIED VAN NUYS, CALIFORNIA serorr__0069

APPENDIX B (Continued)

Now at equilibrium, r = O and

K'e R B (B .
¢y KgR Kas By (8) °
Where K, = Thermodynamic chemical equilibrium constant. Therefore
XL P (4) Py(R) - Py(S)
r = -
w K
(1 + K.r PW(R) + K g Pw(s) + K1 PW(I) + ..0) e
Javhg
Ccl e oW P (R) * B.(S)
T +K _P(R) +5K P(S) +K _ P (I) + ...) Be(A) - = . (8-18)
aR w aS “w al "w T Ko

i

Note that where only one molecule of A per site is involved, the reaction will
be first order with respect to A. If two molecules of A reacted with each ac-
tive site, the reaction would be second order with respect to A. The second
order reaction is unlikely, since it implies simultaneous collison between two
molecules and one site.

2. Rate Limited by Desorption Step

If the limiting step of the overall reaction’is the desorption
of one product, R, the rate equation becomes the rate of desorption of R, or

CR
= k! - = - . -
r=%klp cp - ko PW(R) cy = kp (EEE PW(R) CV) (B-19)
where
kl
K., = -8R (B-20)
aR X
aR
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and k aR’ k! aR = Velocity constants for adsorption and desorption of R, respec-
tlvely

Now, c¢p under these circumstances can be approximated by the
surface reaction equiligrium value, or

K'e cy Py(A)
CR = (B-10a)
s
and
P_(A) - K'
r = c_ Keg {— £ -2 (R) (B-21)
v C. X v
s "aR
At equilibrium
K' P.(R) K
S =X __-_= (B-22)
cg Kar  Pu(A)  Py(s)
Therefore
P (4) -
W e
r = c_k,p|—————— - P (R) B-23
w
+
AHar
Substituting for Cy and since kgp = C6 e RTw , from absolute reaction rate
theory, +
_ AHaR
— -
CeLe ¥ P(A) + K
r = - P_(R)] (B-24)
P, (4) P (S)
(1 + Kgp E 0] + Kag Pu(8) + Kap Pu(I) + . . .)

Where AHaR Molal energy of activation for adsorption of R.
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Note that the forward reaction is first order with respect to
(A) and inversely proportional to PW(S). The reverse reaction is first order
with respect to Pu(R).

D. Model ITI - Adsorption Mechanism

1. Rate Limited by Adsorption Step

When the limiting step in the overall reaction is the adsorp-
tion of A, the rate equation becomes

ro= kg, PW(A) s ey - K'gp Cp (B-25)
At equilibrium

k c

'aA = A = Kgp (B-26)

k' a Py(A) cy

And
CA
ro= kg (Pu(a) ey - =) (B-27)

Under the circumstances, cp can be approximated by the eguilibrium value from
the surfeace reaction, or

¢s Cr
¢y, = —— (B-28)
CV K,e
Therefore
c c
r = kg (Py(A) cy - SR (B-29)
ey K'e Kan
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Substituting for cr and cg

At equilibrium

r = kgp (PW(A) ey -

from Equations (B-12) and (B-13)

cy Kar Kas Pu(R) * Py(S)
K'e Kap

Ke

KaRr Kas _ PW(A) 1
K'e Ko P(R) - P(5) Ke
Therefore
‘ Pu(R) Py(S)
r = kgp Cy (PW(A) - —
e
Now
cy = L-(cA+cR+cS+cI+ oY)
Or
L
°y P.(R) - Py(S)
W %4
(1L + K % + Kgg Pu(R) + Ko P(S) + Ko7 B(I) + . . .
Therefore
( AHL)
RT Py(R) * Py(8)
W w Y
Cp e L (PW(A) - T
r =
Py(R) -« Py(8)
(1 + Kgp + KgrPu(R) + Kag Pu(S) + Kgp Pu(I) + . . .

(B-30)

(B-31)

(B-32)

(B-33)

(B-3L4)

(B-35)
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2. Rate Limited by Surface Reaction Step

Development of the rate equation for an adsorption mechanism,
when the surface reaction step is controlling (when the adsorbed reactant mole-
cule reacts with the site to which it is attached) is completely analogous to
the development of the rate expression for the impact mechanism, surface reac-
tion controlling, except that the adsorption of Species A on the surface must
be included in the equation for cy, as in Equation (B-33), and in the equation
for the net reaction rate, which becomes

r = k CA CV = k‘ CR CS (B"56)

Where

XK' = (B-37)

The final rate equation becomes

__A¥F
RT .
Cg L Kgp © T (r(a) - Pl KePW(S))
TETTF K, P A) ¥ K P (R) ¥ KgP (8] + K_P(1) + - - - -) (B-38)

For the case where the adsorbed reactant reacts with an adja-
cent vacant active site, the basic reaction rate equation becomes

r = k % cy ey - 1' cg cg (B-39)

Where S/L = Fraction of the total active sites which are immediately adjacent
to any particular active site, S = Number of sites surrounding each
individual site.
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Thus'/— vy represents the concentration of vacant sites adja-
cent to the site occuplgd by the reactant molecule. Now
c, ¢C
Ko =25 L (B-40)
cp Cy S
And the final rate expression will become
_ Ax¥
Ry PW(R) - P (8)
Col Kgy © P (A) - % (5)
r = B-41
(1 + Kgp Py(A) + Kgr Py(R) + Kgg Py(S) + Kgp B {I) + . . .)

3. Rate Limited by Desorption Step

Thie develepment of the rate equation for the adsorption mechan-
ism, product desorption controlling, is analogous to the development of the rate
equation for the impact mechanism, product desorption controlling, except for
accounting for the adsorption of Species A in the equation for cy. The final
equation becomes

AY:ti
. RT_ (PW(A) K - )
C e -
.- 10 al —————p;(gj— W (B-ug)
KePw(A)
(L + K5 P(A) + K EYORN Kog Pu(8) + Kgp P (I) + . . )
w

E. Choice of Reaction Model

Choosing the exact mechanism for a particular reaction is not an
easy task, especially if the many constants appearing in the reaction eguatiocns
must be determined. An extensive and thorough research program is required.
However, for engineering purposes, a satisfactory choice might be made from

UNCLASSIFIED - 185 -




TMC A6T3

%rquard/

UNCLASSIFIED VAN NUYS, CALIFORNIA REPORT

APPENDIX B (Continued)

limited data by examining some.of the differences: between the equations. By com-
paring observed effects on the reaction rate caused by changes in some of the
primary variables (e.g., temperature, pressure, composition) with changes pre-
dicted from each equation, some of the mechanisms can be eliminated. Sometimes
the remaining possibilities do not differ much in the range of their intended

use and the final choice is nearly academic when the equation is to be empirical-
ly fitted to experimental data.

With a suitable reaction rate equation chosen, the chemical erosion
can then be determined from the concentrations of the gaseous constituents at the
wall. These concentrations at the wall will depend upon the mass and heat trans-
fer tc and from the surface.

B-II. APPLICATION OF THE COMPUTER SOLUTION

Ideally, a complete kinetic study of the gas-solid system in ques-
tion would be available and kinetic equations for the conditions involved could
be used in the program for predicting "from scratch" the chemical erosion rate.
While this may be possible with one or two very common systems, it is not usual.
For most systems, one or two more likely situations will exist. The first pos-
sibility will be that some kinetic information will be available but will be
for conditions other than those to be considered. In this case one or two ex-
perimental data points of actual nozzle erosion may be sufficient to complete
the picture.

Another problem exists when little or no kinetic information is
available as may well be the case with advanced high energy propellant systems.
If the reactions are few in number a few actual experimental data points may
still be sufficient to permit an engineering analysis of the system.

When no information of any kind is available, the only alternative
to a costly experimental program is to assume similarity to some system for
which the necessary information is available. This approach certainly is better
than a pure guess. No absolute values obtained would be reliable but predicted
relative effects should be at least directionally correct.

B-TIT. CHEMICAY, EROSION OF GRAPHITE BY MIXTURES OF HYDROGEN, WATER, CARBON
MONOXTDE, METHANE, AND ACETYLENE

The chemical erosion of graphite by mixtures of hydrogen, water,
carbon monoxide, methane, and acetylene can be described by the three reactions:

Cls) * B0 () = CO(g) * Ho (g)

Cls) T ¥ (g) «— M ()

C(g) + 1/2 Hp (g)—: 1/2 CoHp (&)
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First applications of the program will be with hydrogen rich fuel
systems, the reactions between oxygen and C{s) being temporarily excluded.
Other secondary reactions, such as reactions between products or dissociation
of the various species might also have been included, but if the empirical con-
stants in the rate equations are evaluated over the range of conditiocns for which
they will be used, the secondary effects should be inherent. Of course, extrapo-
lation to conditions not included in the empirical evaluations would be risky.

A choice of the best reaction mechanism for each reaction might be
made by considering the various possibilities along with available data. All
of the three reactions include graphite as a solid only. In considering the sub-
limation of graphite as a mechanism, note first that the apparent activation en-
ergy of any reaction under initial conditions with no products in significant
quantities is the negative slope of the curve, ln r vs 1/T, or where

dilnr - AH;‘:

app

(B-43)

>
g

Apparent activation energy

For the sublimation mechanisms, Equations (B-4) and (B-8), reactions I(A) and
I(B), Z}jH:p should be the heat of sublimation or the activation energy of sub-
limation of %r?phite. Both of these guantities have been reported as ~~175,000
Kcal/g—mole( 2). Since these values are almost twice the observed activation
energies for any of the reactions at the cbserved temperatures, sublimation of
graphite followed by gas phase reaction should be eliminated as a possible mech-
anism for the graphite reactions considered. This should not be interpreted to
mean that sublimation can be ignored entirely. At higher temperatures, near the
sublimation point, graphite vapor pressure will increase appreciably and sublima-~
tion must be considered in accounting for graphite losses under those conditions.

Of the remaining five possible mechanisms described previously, each
of the rate equations includes a term in the denominator which reflects a reduc-
tion in reaction rate from coverage of part of the reaction sites by adsorbed
species on the surface. While there are slight differences in the denominator
terms of the rate equaticns, they have a common characteristic.
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Under conditions of high temperature and low or moderate pressures,
such as the conditions pertinent to this study, adsorption is not favorable, and
the denominator terms of all the rate equations approach unity. For the purposes
of developing a calculation procedure, 1ittle loss in accuracy is risked by drop-
ping the denominator terms of the reaction rate expressions. The respective rate
equations simplify to the following forms.

Model IIA: Impact Mechanism -- Reaction controlling

ut

"TRT :l .
r=CsLe v %W(A)_PW(R) PW(S)] (B-bk)

Ke

Model IIB Impact Mechanism -- Desorption of one product controlling

-AH:‘;R
r=CLe o _fﬁiél_%e - P.(R) (B-45)
e p(8) "

Model ITTA Adsorption Mechanism -- Reactant adsorption controlling

- AH:Z_A:|
RT P . S
r=CiLe Yo le(a) - W(R)Ke PulS) (B-46)

Model ITB Adsorption Mechanism -- Surface reaction controlling

(1). Reaction with adsorbing site

-An¥F —
—f{-'_I‘;-{, P (R) * B (8)
r = Cg LK e P (A) - - (B-4T)
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(2). Reaction with adjacent site
-AH*]
RT | |” Py(R) « P,(s
r=CyLKype ©|By(a) - Lt )K w(5) (B-148)
X e

Model IIIC Adsorption Mechanism -- Reactant desorption controlling

r=CplL e EESfZL—Ee - P (R) (B-L9)
P, (8) v

Notice that simplification of the reaction rate expressions by dropping the de-
nominator term leaves only two basic forms to choose from empirically. The re-
actions controlled by reactant adsorption or the surface reaction all fit to
the general form

-AH:F —_
— (R) - Py(s)
RT,, _ ) Py(R) - W
r==Cyy e Yo p(a) - - (B-50)

e

The reactions limited by product desorption all fit the general form

I-lezR
{orT, | |Be(A) - K

r = Cjpe - PW(R) (B-51)

P, (8)

where Cqp = Cy7 L, and is constant when L, the total available reaction sites on
the surface, does not change with reaction conditions. Under circumstances un-
favorable to adsorption, the desorption rate of products should be apprecisbly
higher and should not limit the reaction rate. This leaves the equation for re-
actant adsorption or surface reaction controlling as the most likely cheice for
this program.
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The actual choice between the three possible mechanisms which can
be approximated by this equation 1s academic since the application will depend
on empirically determining the constants C12 and AHﬁpp. Likewise when only one
product results from the reaction the elimination of the product desorption con-
trolling mechanism also becomes academic. Under these circumstances that rate
expression becomes

1
_JSHaR

RT |t
r = Cp3 e LPW (A) * Ke - Py (R)]

which can be rearranged to

-AH:;R
RT P (R)
r = C;ze " I}W(A) - ;e Ke (B-52)
or
|:—AH:R - AHR
RT P (R)
r = Cyy e v l;W(A) - Ee ] (B-53)
and
+
-[.\Halo
RT P.(R)
r = Ci5e T Rg(a) - WKe (B-54)

This is the same form as that obtained for reactant absorption or surface reac-
tion controlling where only one product results from the reaction.
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It must be acknowledged at this time that other variations of the
mechanisms discussed so far are possible. We have only considered the two cases
of one reactant molecule reacting with cne surface molecule and yielding either
one or two product molecules. Other distinct possibilities include reactions of
one reactant molecule with two surface molecules to give either one or two reac-
tant molecules. However, similar analyses can be done for these models just as
have been done for those considered. Under conditions of unfavorable adsorption,
these yield very similar rate equations. Thus for establishing calculation pro-
cedure, a general rate equation form can be written as

- Ar#* n _
=8 w e
r = Cq¢ e ‘]Tn P(i)ul .oist (B-55)
16 i=1  (ke)?

where 1 represents each of the n species involved in the reaction. The values of
C169 ZSHEPP, u(i), and v(i) must be determined empirically.

The reaction of water with carbon

C(s) + Hy0 (g)——co(g) + Hy(&)

has been studied by a number of investigators (References 10, 11, 12, 13, and 14).
Nearly all have reported that the forward reaction is first order with respect

to the water partial pressure except at pressures near complete vacuum. For this
reason, a first order reaction model is chosen for the basis of the empirical
equation.

Lacking enough data to evaluate‘AHg; for the Hp0-C reaction, it is
necessary to rely on values reported by others. X variety of values have been
reported ranging from 35 Kcal/mole to 90 Kcal/mole. Of these, the value of 60.3
Kcal/mole recently reported by Eyring and Blyholder (Reference 11) appeared most
appropriate for the present purposes as well as representing an average value.

The value of Ci6 1is directly related to the type of graphite, the condition of the
surface, and the structural orientation (as with pyrolytic graphite). This value
is best determined experimentally if possible for the particular grarhite in use.
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For this reason, the value of Cjg for Reaction 1 was based on re-
sults from a Marquardt test of'afree standing pyrolytic graphite motor. This
test was described as Run No. 1 (Boron-pyrolloy chamber No. 1, Table VII,
Marguardt Report 5907, 31 July 1962). For a first guess, a value of 2.99 x 10-3
for C16 was used in the program based on the data of Eyring and Blyholder (Ref-
erence ll). This value for Cyg actually gave an erosion rate one or two orders
of magnitude greater than that observed in the motor test, which involved ero-
sion of the a-b plane of pyrolytic graphite for the free standing chamber. This
was not too surprising since Eyring and Blyholder used a commercial graphite and
there have been some indications that the a-b plane of pyrloytic graphite may be
far less reactive than commercial graphites. The value of Cyg was then reduced
until the computer program predicted an erosion rate at the throat of 0.2 mils/
second, as was observed during the motor tests.

Reactions 2 and 3, between hydrogen and the pyrolytic graphite wall,
were also taken to be first order in the forward direction. The respective val-
ues of Cy4 for both reactions were then determined from the reported results of
Rogers and Sesonske (Reference 16) who studied the kinetics of graphite-hydrogen-
methane reactions above 1600°K. The results by Rogers and Sesonske were not ap-
plied directly because they considered only the reaction yielding methane even
though at the higher temperatures used by them thermodynamic considerations fav-
ored the formation of acetylene rather than methane. For this program, a value
of 5.12 x 10-2 for C16 was used initially for both reaction rate equations. The
values of C16 for the two equations were then adjusted individually, by trial
and error, to give combined calculated erosion rates from the two equations cor-
responding to rates reported by Rogers and Sesonske over the entire temperature
range studied. First order reactions were used in both cases since others have
reported some success with this approach even though Rogers and Sesonske did not
concur. The value of ZSH*; was taken as 39000 Kcal/q mole for both reactions.
The results of Rogers and Sesonske did not indicate any change in this value over
the temperature range from 1600° to 3000°K so there was no basis for considering
different values for the two equations.

. The values of all empirically determined constants are included
below. The table shows necessary substitutions into Equation (B-55) to obtain
Equations (B-56), (B-5T7), and (B-58).
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Values for Using Equation B-55

6069

Constant Reaction 1 Reaction 2 Reaction 3
C16 (Initial assumption) 2.99 x 100% 5.12 x 10-5** 5.12 x 10-%
C16 (Final value) 3.2 x 107° 3.7 x 1072 7.4 x 1072
z&HEEP (Btu/1b mole) 108400 70000 70000
n u(i)
33; P(1) PHQO Py, Py,
n v(1i) 1/2
;D; B(1) PeoPr, (Peg),) FeoHy
(Ke)t*** ~ Kel (Ke2)1/2 (Ke3)2

* From work of Eyring and Blyholder (Reference 1l) with graphite at
very low pressures.

*%  From work of Rogers and Sesonske (Reference 16) with graphite at
1600° to 3000%.

** Ko, Keg, and Ke3 defined by Equations (B-7), (B-8), and (B-9) in

1
the text.

FINAL EQUATIONS USED IN THE COMPUTER PROGRAM

- 108400
“RT,,

Reaction 1

(B-56)
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Reaction 2 -

Reaction 3

-T0000 1/2
RTy - ( PCHM )
r, = 0.000057 e Py - (B-57)
2 1/2
(Ke,)
[-70000]
RT P
r; = 0.0000T4 e ! Py, - -EEEEE (B-58)
(Ke3)

The values of the constants in these equations should not be re-

garded as fixed. As more experimental data becomes available, adjustments can
be made to improve their accuracy. However, for initial calculations of the
effect of a transpiring coolant on the chemical erosion, they should be satis-
factory, since the order of magnitude of the effects will be of primary interest.
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